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1.0 SUlWARY 

The o b j e c t i v e  of t h i s  program was t o  e v a l u a t e  t h e  u t i l i t y  of advanced 
s t r u c t u r a l - a n a l y s i s  techniques  ind  advanced l i f e - p r e d i c t i o n  techniques  i n  
t h e  l i fe  assessment o f  ho t - sec t ion  components. 
assess t h e  e x t e n t  t o  which three-d imens iona l  t r a n s i e n t  h e a t - t r a n s f e r  a n a l y s i s  
and three-dimensional c y c l i c  isoparametric f in i te -e lement  a n a l y s i s  o f  a hot- 
s e c t i o n  component would bear upod t h e  accuracy of component l i f e  p r e d i c t i o n s .  
A t  t h e  same t h e ,  new high-temperature l i f e - p r e d i c t i o n  t h e o r i e s  such as S t r a i n  
Range P a r t i t i o n i n g  and t h e  Frequency Hodified approaches were t o  be app l i ed  
and t h e i r  e f f i c i e n c y  judged along wi th  the  o l d e r  Linear Damage approach. A 
f i n a l  o b j e c t i v e  to  t h i s  r e sea rch  was t o  seek s h o r t c u t  approaches to  t h e  prob- 
l e m .  

A p a r t i c u l a r  goal  was to 

A commercial a i r c o o l e d  t u r b i n e  b lade  with a wel l -docmented  h i s t o r y  of 
c r ack ing  i n  t h e  squea le r  t i p  r eg ion  was s e l e c t e d  as t h e  v e h i c l e  for accom- 
p l i s h i n g  t h e  above o b j e c t i v e s .  
a n a l y s i s  was performed on t h i s  t u r b i n e  b l ade  for a f a c t o r y  test c y c l e  us ing  
an  in-house f i n i t e d i f f e r e n c e  h e a t - t r a n s f e r  program, THTD. TO perform t h e  
stress a n a l y s i s  of t h i s  t u r b i n e  blade,  a d e t a i l e d  t h r e e d i m e n s i o n a l  model of 
the  blade t i p  r eg ion  was cons t ruc t ed  which c o n s i s t e d  o f  e ight-noded i sopara-  
me t r i c  f in i t e - e l emen t s  (580 e lements  and 1119 nodes).  As a f i r s t  s t e p ,  t h e  
t r a n s i e n t  temperature d i s t r i b u t i o n s  and mechanjcai loads were app l i ed  t o  t h i s  
mode1 and e l a s t i c - o n l y  runs made on an in-house computer program - MASS. The 
s t r a i n  ranges i n  t h e  c r i t i c a l  r e g i o n s ,  determined t h i s  way, were used to  pro- 
gram a thennomechanical test  specimen. 
eva lua ted .  

Three-dimensional  t r a n s i e n t  h e a t - t r a n s f e r  

T h i s  was one of t h e  s h o r t c u t  approaches 

To perform t h e  c y c l i c  nonlirtear a n a l y s i s ,  a commercially a v a i l a b l e  pro- 
grams ANSYS, was chosen. For t h i s  a n a l y s i s ,  p rev ious ly  determined temperature- 
dependent c y c l i c  s t r e s s - s t r a i n  curves  and c reep  d a t a  were used. 
hardening o p t i o n  was s e l e c t e d  for t h e  p l a s t i c i t y  a n a l y s i s ,  and t h e  c reep  
a n a l v s i s  was performed w i t h  the timr-hardening rule. Seven complete c y c l e s  
were run, a t  which t i m e  shakt.dotm was determii:ed t o  have occurred .  As a 
p o s s i b l e  s h o r t c u t  method. boundary c o n d i t i o n s  were taken from the t h ree -  
dimensional e l a s t i c  and non l inea r  rims and app l i ed  t o  s i m p l e r  models on an 
in-house c y c l i c  non l inea r  program, CYMITDE. 

The kinematic 

The r e s u l t s  of t h e s e  ana lyses  and t h e  thennomechanical tes ts  v..re used to  
make l i f e  p r e d i c t i o n s  by the  S t r a i n  Range P a r t i t i o n i n g ,  Frequency H o d i f i d #  and 
Linear  Damage t h e o r i e s .  Also, c rack  r ropaga t i an  s t u d i e s  were performed. The 
resul ts  of t hese  p r e d i c t i o n s  were then evaluate-d a g a i n s t  the  c racking  h j s to , -y ,  
and conclus ions  and recommendatioas were made. 



2.0 INTRODltCTION 

The most c r i t i c a l  s t r u c t u r a l  requirements  t h a t  a i r c r a f t  gas t u r b i n e  
engines  must  meet r e s u l t  from t h e  d i v e r s i t y  of  extreme environmental  condi- 
t i o n s  i n  t h e  turb ine-sec t ion  components. Accurate l i f e  assessment of t h e  cnm- 
ponents under these  cond i t ions  r e q u i r e s  sound a n a l y t i c a l  t o o l s  and techniques ,  
an understanding of t h e  component o p e r a t i n g  environment, and comprehensive 
data on component materials. 
areas may r e s u l t  i n  e i t h e r  a cnnse rva t ive  l i f e  p r e d i c t i o n  o r  component f a i l u r e .  

Inadequate  understanding of any or a l l  of t h e s e  

Much a c t i v i t y  has  occurred i n  r ecen t  yea r s ,  bo th  through Government spot\- 
s o t s h i p  and through in-house programs, to  provide  t h e  des igne r  wi th  t h e  t o o l s  
for conducting more accura t e  des ign  a n a l y s i s  and component l i f e  p red ic t ion .  
These e f f o r t s  encompass advances i n  a n a l y t i c a l  stress and l i f e  p r e d i c t i o n  tech- 
n iques ,  ins t rumenta t ion  c a p a b i l i t i e s ,  and cos t - e f f ec t ive ,  a c c e l e r a t e d  v e r i f i c a -  
t ion t e s t i n g .  

Advanced s t r u c t u r a l  a n a l y s i s  techniques are a v a i l a b l e  t o  permit more reli- 
a b l e  l i f e  p r e d i c t i o n  i n  t h e  l i f e - l i m i t i n g  t u r b i n e  components. However, v e r i f i -  
c a t i o n  of t hese  methods through a p p l i c a t i o n  t o  well-documented f a i l u r e  case  
h i s t o r i e s  is lacking.  

Although nonl inear  stress a n a l y s i s  computer programs are a v a i l a b l e ,  they  
have not  been used r o u t i n e l y  in hot -sec t ion  cmponen t  des ign  because of t h e  
ex tens ive  computation t i m e  requi red  for such a p p l i c a t i o n s .  Furthermore, poorly 
def ined  material c o n s t i t u t i v e  equatiovrs have hampered more gene ra l  use o f  such 
computer programs. 

In add i t ion ,  s eve ra l  high-temperature,  low-cycle f a t i g u e  (LCF) l i f e  pre- 
These approaLhes have d i c t i o n  approaches have been proposed i n  r ecen t  years .  

not y e t  been appl ied  ex tens ive ly  t o  hot -sec t ion  components p r imar i ly  because 
c r i t i c a l  eva lua t ion  through a p p l i c a t i o n  t o  well-documented f a i l u r e  c a s e  h i s t o -  
r ies is needed. 

The Turbine Blade T i p  D u r a b i l i t y  program is intended t o  apply advanced 
nonl inear  stress a n a l y s i s  and l i f e  p r e d i c t i o n  techniques  to a well-documented 
case  h i s t o r y .  Using t h e  r e s u l t a n t  d e t a i l e d  a n a l y s i s  as a s t anda rd ,  s h o r t c u t  
techniques will be developed i n  t h e  i n t e r e s t  of reduced complexity.  



3.0 HOT SECTION COMPONENT DOCUMENTATION 

3.1 CO?IPONENT SELECTION - 
The Stage 1 high pressure turbine blade w a s  chosen as the  hot-section 

component to be analyzed because of its s ign i f i can t  creep-fatigu- aroblems. 
These blades a re  hollow, a i r  cooled, and paired together on 8 ., *.h ree- 
tang doveta i l  as shown i n  Figure 3.1-1. 
chosen for i t s  excel lent  high-temperature creep res i s tance .  

The material is cab mat? b 

The f a i l u r e  mods fo r  t h i s  camponent is well defined. The b h d e  has a 
t i p  cap j u s t  below the  actual t i p  of t he  blade, t h i s  configuraticE being 
designated a "squealer tip." 
as shown i n  Figures 3.1-2 through 3.1-4. These :racks are a problem on a l l  
such blades; thus,  we are addressing a problemwhich are common to  a l l  engine 
manufacturers. 

Radial cracks occur i n  the  squealer  t i p  region 

3.2 DATA BASE 

Because of t he  quant i ty  of stress and l i f e  da ta ,  heat  t r ans fe r  data ,  and 
mater ia l  da t a  ava, 'able f o r  t h i s  pa r t ,  t he  selected Stage 1 HPT rotor blade 
is an excel lent  component s e l ec t ion  €or t h i s  program. 
fer and t i p  cracking da ta  were reviewed. 
decided t o  u t i l i z e  a factory test "C" cycle i n  the  analysis ,  s ince  a t r ans i en t  
ana lys i s  of engine parameters and adequate t i p  cracking da ta  are ava i lab le  for 
t h i s  cycle. 
models was invest igated,  and it  was determined t h a t  both of these could be 
readi ly  reconstructed.  

Available heat trans- 
On t he  bas i s  of these data ,  it was 

The status of the  previous heat  t r ans fe r  and 3-D stress ana lys is  

3 











4.0 UEAT TRANS€RR AND STRESS-STRAIN ARALYSIS 

4.1 HIUP TRANSFER HODEX, 

The heat- t ransfer  ant isis was accompl-ished usiog 8 t h r e e - d k n s i o n a l  
THTD model of t h e  component blade t i p  region. 
Version D) is an in-house heat- t ransfer  ana lys i s  program capable of computing 
both t r ans i en t  and s teedy-state  temperatures for large, camplex t h r e e d h e n -  
s iona l  problems. -Film c o e f f i c i e n t s  and boundary condi t ions were obtained f r a a  
model test d a t a  for the t i p  region and from temperature reeasurements from fac- 
t o r y  test engiues. Temperatures uem ca lcu la ted  at c d i t i o n s  cons is ten t  with 
those-of  a fac tory  engine test ("a" cycle) which has  well docrtPnented condi- 
t i o n s  of blade t i p  distress (Reference 1). 
analyzed is typical o f  f i e l d  eagine t r a n s i e n t s  ("Cn cycle).  The d i f f e rence  
between t h e  test and ana lys i s  cyc les  exis ts  in the two add i t iona l  chop-and- 
burst portions between the  ground idle end takeoff settings found i n  t h e  test 
( C X )  cycle (Figure 4.1-1). 9kis was done to  decrease test time and w i l l  be 
accounted for i n  a l l  l i f e  predict ions.  'Phe mission t r a n s i e n t  cycle is pre- 
sented i n  Figures 4.1-2 and 4.1-3 i n  terms of tu rb ine  i n l e t  (T4) and cumpres- 
sor discharge (T3) temperatures, and core engine speed, respectiwely. 

TlITIl (Transient Heat Transfer  - 

The thermal t t a n s k n t  t h a t  was 

4.2 FINITE-ELEHENT HODEL 

An ex i s t ing  three-dimensional f inite-element atode1 of  t h e  c o a p n e a i  blade 
t i p  above the 75% span w a s  r e t r i eved  from tape storage. The i dea l i za t ion  which 
cons i s t s  of 580 eight-noded isoparametric b r i ck  elements and 1119 nodes is pre- 
sented i n  Figure 4.2-1. A m o t e  de t a i l ed ,  exploded view, depic t ing  the squealer  
t i p ,  t i p  cap, webs, and span as d i s c r e t e  three-dimensional components is shown 
i n  Figure 4.2-2. 
in te r fe rence  between the  applied b o t t m  boundary condi t ions and the  squealer  
t i p  region, which is the  region of i n t e re s t .  

The spanwise length of t he  model w a s  sufficient to preclude 

The isoparametric element was chosen because of i ts  capab i l i t y  t o  moael 
almost any three-dimensional geometry and temperature distrib1,t ion very accu- 
r a t e ly .  
noded br icks  i n  the  ANSYS element l i b r a r y  lacked creep c a p a b i l i t i e s .  
c a l l y ,  the eight-noded br ick  element is an isoparametric hexahedra: box ele- 
ment with e igh t  nodal points  and 33 degrees of freedom ( t h r e e  displaceaent  
components a t  each of the  e ight  nodal points  and nine i n t e r n a l  degrees of iree- 
dam).  
quadrat ic ,  giving rise to  s t r a i n  components miich vary l i nea r ly  across  the  
element. 
can be modeled using r e l a t i v e l y  few elements. 
the blade t i p  region using only one element i n  the  thickness d i rec t ion .  

The eight-noded b r i ck  was used exclusively because t h e  16- and 20- 
Specif i -  

The dieplacement f i e l d  at  any point within the  element is assumed t o  be 

For t h i s  reason, s t ruc tu res  i n  which booaivC; e f f e c t s  ate s ign i f i can t  
Thus, it was possible  t o  model 
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Figure 4 .2 -2 .  Details of 3-D Model of HPT Blade T i p .  
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4 . 3  MATERIAL PROPERTIES 

Rent? 80 is a well characterized material in terms of the stress-strain 
response and creep properties required for analysis. Material properties data 
for the temperature range considered - 340' C to 1150' C (650' F - 2100' F) - 
were for the most part available in the General Electric Materials Properties 
Handbook. Additionally, a small amount of material testing was conducted on 
R e d  80 at 1150" C (2100' F). This was very useful for this program since 
there are regions of the blade tip in this temperature range. 
included sane stress-strain data, creep data, and one A -1 strain range and 
strain-rate-controlled LCF test. Evaluation of these data has generated some 
significant pieces of information. Primary among these is an appreciably lower 
Young's modulus than that being used, which was obtained by extrapolating from 
data ending at 980' C (1800' F). In addition, the cyclic stress-strain curves 
displayed an anomaly not previously experienced. 
approximately 6f/min. there were dips in the tops and bottoms of the hysteresis 
loops. 

The tests 

Above a strain rate of 

These data have been incorpoiated into our existing data bank. 

Plots of R e d  80 material properties used for analysis include: 

0 Elastic modulus versus temperature Figure 4.3-1 

0 Cyclic str'err versus strain Figure 4.3-2 

0 Coefficient of thermal expansion Figure 4 .3 -3  
versus temperature 

0 Poisson's ratio versus temperature Figure 4.3-4 

0 Creep strain versus time Figures 4 . 3 - 5  - 
4.3-11  

Thin-wall ! 1 .  l-mm (42-mil) thickness] creep data were used because they most 
closely represented the actual squealer tip thicknesses. 

4.4 ANALYTICAL PROCEDURE 

The Turbine Blade Tip Program is intended to apply advanced nonlinear 
stress analysis and life prediction techniques to a well-documented case his- 
tory. Additionally, shortcut techniques employiog elastic stress analysis 
were to be investigated in the interest of reduced complexity. 

The ANSYS Program was chosen for use in three-dimensional cyc1i.c non- 
linear inelastic stress analysis of the turbine blade tip region because of 
its extensive capabilities and its ability to solve large structural problems. 
The ANSYS Program uses an initial strain approach for determining plasticity 
effects. This method computes a reference elastic material stiffness and 
corresponding e l a s t i c  strains for each time step. The procedure t'qes an 
i t t>r . i t iv t '  st)lst  i o n  tt~t-tintqur w i t h  ;I constant  t r i a n ~ u l i t r t ~ ~ ~ I  s t i f f n e s s  matrix 
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‘CR K b / l O I N  tM where: 

K = 2.69 x l o 7  

N = 2.54 

M = 0.452 
u in kri, t in hours for values of K. N, M shown 

KEY: h - 70 MPa (10 hri) 

0 -100 Mpa (20 hi) 

0 - 210 MPa r 3 0  kril 

NOTE: hintr are eatccrlmtad potre 
based on the above equation 

0 RENE’ 80; COATED 1.1 mm (42 mil) WALL THICKNESS 1 
s ISOTHERMAL CURVES: T - 650° C (4200O F1 I 

0 1 2 *  3 4 5 6 
TIME, Hours 

- .  rgu re  b . 3 - 5 .  Creep Strain, v.;. T i m e  f o r  Sen6 80. 
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R€:NE’ 80, COATED 1.1 mm (42 mil) WALL THICKNESS 
e 1% ‘ERMAL CURVES: T - 8M0 C t1600° PI 
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0 1 2 3 4 
TIM€. Woun 

5 6 

Figure 4.3-7. Creep Strain vs. Time for Re& 80. 
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a RENE' 80; COATED 1.1 mm (42 mil) WALL THICKNESS 

0 ISOTHERMAL CURVE: T 7 8800 C (18ooo F) 

I 1 I I 

3 4 5 6 0 1 2 
TIME, Houn 

Figure 4 . 3 - 8 .  Creep Stra in  vs. Tim for Rdn6 80. 
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Figure 4.3-11. Creep Strain vs. Time for R m 6  80. 



and a load v e c t o r  t h a t  is modified a f t e r  each i t e l a t i o n  so t h a t  t h e  stress 
c a l c u l a t e d  i n  the  next i t e r a t i o n  approaches t h e  stress t h a t  t h e  material c a n  
support  at t h a t  s t r a i n .  Each t ime-step c o n s i s t s  of  a s u f f i c i e n t  number of 
i t e r a t i o n s ,  based on a s i n g l e  set o f  boundary c o n d i t i o n s ,  so t h a t  convergence 
cri teria are m e t .  P l a s t i c i t y  convergence cri teria are m e t  whenever t h e  ratio 
of t h e  p l a s t i c  s t r a i n  increment to  t h e  elastic s t r a i n  for a l l  e lements  is less 
t h a n  1% (recamnended). Reversed loading w i t h  p l a s t i c i t y  w a s  modeled us ing  t h e  
ANSYS kinematic  hardening op t ion .  This p r a c t i c e  assumes t h a t  the total  elastic 
stress range is equa l  to  twice the y i e l d  stress, which is  a close approximation 
t o  t h e  real-world Bauschinger e f f e c t .  

For c r e e p  analyses ,  t h e  c r e e p  rates are d e t c m i n e d  from t h e  elastic 
stresses computed a f t e r  t h e  p l a s t i c i t y  s o l u t i o n  has been c a l c u l a t e d .  
c r e e p  law equa t ion  is of t h e  form: 

The 

where 

- 
oe = oe/lOO,OOo; (I, e f f e c t i v e  stress i n  p s i  

t = t i m e ,  hours  

K,ar,n = material-dependent and temperature-dependent c reep  
c o e f f i c i e n t s  ( F i g u r e s  4.3-5 through 4-3-11] 

Creep c a l c u l a t i o n s  arc handle3 by an incremental  technique s i m i l a r  t o  t h a t  
used f o r  p l a s t i c i t y .  
t h e  c r e e p  s t r a i n  increment t o  t h e  e las t ic  s t r a i n  f o r  a l l  e lements  is less t han  
0 . 2 5  (recommended). 

The i t e r a t i v e  procedure i s  completed when t h e  ra t io  of 

The c y c l i c  i n e l a s t i c  analysis w a s  performed for a s u f f i c i e n t  number of 
c y c l e s  t o  a d e q u i t e l v  s t e b i l i z e  t h e  s t r e s s - s t r a i n  h y s t e r e s i s  loop a t  t h e  c r i t i -  
cs l  c rack  i n i t i a t i o n  loca t ion .  For t h e  e las t ic  s t r e s s - s t r a i n  a n a l y s i s  or 
a l t e r c a t e  snot t c u t  method, 3 stress a n a l y s i s  was performed us ing  MASS (Mechen- 
i c a l  Analvsis  of Space S t r u c t u r e s ) ,  a n  in-house f inire-element  a n a l y s i s  s y s t e m  
capable  of handl ing large s t r u c t u r a l  problems. An e l a s t i c  three-dimensional  
a n a l y s i s  was done using t h e  same model as :hat used for t h e  c y c l i c  non l inea r  
i n e l a s t i c  a n a l y s i s .  Strain-range da ta  and o t h e r  r e4u i r ed  c rack  i n i t i a t i o n  and 
c y c l i c  l i f e  a n a l y s i s  parameters were obtained from t h i s  procedure.  

Boundr\rv c o n d i t i o n s  obtained from t h e  three-dimensional  mode1 were used 
t o  ar.aLvze t h e  :rack i n i t i a t i o n  c r i t i c a l  arc18 with a two-dimensional i n e l a s t i c  
program, CYANIDE. an economical, in-house s y s t e m  capab le  of  p e r f o m i n g  incre-  
mental p l a s t i c i t y  and c r e e p  a n a l y s i s .  R e s u l t s  were used t o  gain i n s i g h t  i n t o  
both shrikediwn a.id LCF e f f e c t s  with r e spec t  t o  subsequent ?hennomechanical 
f a t  igut.  t c s t i n g .  



6.5 RESULTS OF ELASTIC ANALYSIS 

Subsequent to  r e t r i e v a l  of t h e  f in i t e - e l emen t  and h e a t - t r a n s f e r  models, 
a n  e las t ic  s t eady- s t a t e  ho t -day  takeoff  c o n d i t ' i .  checkout run was conducted 
us ing  NASS. 
completeness  o f  t h e  component model. S ince  c e r ' t o i d a l  t .+ iye ta tures  were used 
f o r  nodal va lues  (i.e.,  no g r a d i e n t  e x i s t s  acrcss t h e  u-1. thickness), t h e  
r e s u l t s  r ep resen t  on ly  a r e l a t i v e  magnitude o f  the e f f e c t i v e  stresses. How- 
e v e r ,  i t  should be noted t h a t  h igh  e f f e c t i v e  stresses are p red ic t ed  a t  several 
s q u e a l e r  t i p  l o c a t i o n s  where c rack ing  occurred  du r ing  test (e.g., suc t ion-s ide  
f a c e  near  t r a i l i n g  edge; pressure-s ide  f ace  at 60% chord) .  The metal teiupera- 
t u r e  d i s t r i b u t i o n  and stress a n a l y s i s  r e s u l t s  are provided i n  F igu res  4.5-1 
through 4.5-4 f o r  each spanwise s l i c e .  

Resu l t s  were compared wi th  previou-l. ana lyses  to v a l i d a t e  t h e  

The three-dimensional  THTD h e a t - t r a n s f e r  model w a s  updated wi th  new f i l m  
c o e f f i c i e n t s  and boundary c o n d i t i o n s  based on test informat ion  as desc r ibed  
i n  S e c t i o n  4.1. 
t r a n s f e r  a n a l y s i s  of t h e  b lade  t i p  reg ion .  The THTD h e a t - t r a n s f e r  nodal cen- 
t r o i d a l  temperatures  were transformed to  element f a c e  tempera tures  f o r  input  
to  t h e  e x i s t i n g  f in i te -e lement  m o d e l  us ing  STP (Surface  Temperature Program), 
which is capable  o f  d i r e c t l y  i n t e r f a c i n g  wi th  THTD ou tpu t .  
d i f f e r e n c e s  between t h e  f in i t e - e l emen t  and THTD h e a t - t r a n s f e r  models, adjust- 
ments had to be made to  t h e  STP-generated element f a c e  temperatures .  A t i m e -  
s h a r i n g  computer program w a s  w r i t t e n  t o  determine t h e  corresponding tempera- 
t u r e s  f o r  each of  t h e  f in i te -e lement  nodes. 

Th i s  new model w a s  used to m a k e  a n  updated s t eady- s t a t e  heat- 

Due to  modeling 

A combined thermal  and mechanical l i n e a r  e las t ic  stress a n a l y s i s  o f  t h e  
b lade  t i p  model w a s  made, i nco rpora t ing  t h e  udpated tempera tures ,  us ing  both 
MASS and ANSYS. 
t o  making more expensive c r e e p  r u n s - u s i n g  ANSYS. 
agreed w i t h i n  5% between t h e  two programs, wi th  t h e  MASS r e s u l t s  being con- 
s i s t e n t l y  h ighe r  than  those  determined from ANSYS; This  comparison was made 
on t h e  b a s i s  of s u r f a c e  stresses and t h e  d i f f e r e n c e  could  be a t t r i b u t e d  to a 
number of d i f f e r e n t  f a c t o r s .  These inc lude  how t h e  programs handle  tempera- 
t u r e  v a r i a t i o n s ,  how they c a l c u l a t e  s u r f a c e  stresses, how they  handle  temper- 
ature-dependent m a t e r i a l  p r , ) p e r t i e s ,  and t h e  i n t e g r a t i o n  o rde r .  Again, t h e  
most h igh ly  s t r a i n e d  (compressive) r e g i o n s  are co inc iden t  wi th  p o i n t s  where 
c racking  was observed dur ing  test. 

The runs were made t o  s e r u e  a s  a stress v a l i d i t y  check p r i o r  
S t r e s s  a n a l y s i s  r e s u l t s  

Mission cycle t r a n s i e n t  h e a t - t r a n f e r  a n a l y s i s  was a l s o  performed f o r  t h e  
s u b j e c t  component f o r  t h e  23 time p o i n t s  shown i n  F igure  4 . 5 - 5 .  Small incre-  
ments were chosen t o  ensure  t h a t  a n a l y t i c a l  error would not  be introduced due 
to gross temperature  changes between s t e p s .  
w i th  the  f in i te -e lement  model was performed a s  prev ious ly  desc r ibed  for each 
of t h e  23 t i m e  s t e p s .  

I n t e r f a c i n g  of  THTD model results 

Linear  e l a s t i c  f in i te -e lement  ana lyses  (MASS) were made a t  s e l z c t e d  time 
s t e p s  f o r  t h e  purpose o €  determining a s t r a i n  and temperature  h i s t o r y  t o  be 
used i n  t h e  t e s t i n g  of a smooth a x i a l l y  loaded. a i r -cooled ,  c y l i n d r i c a l  spec i -  
men. Mission c y c l e  t r a n s i e n t  po in t s  fo r  which a n a l y s i s  was performed a r e  

27 



Figure 4.5-1.  Steady-State Teaperatures for Hot-Day Takeoff 
h n d i t i o n  - Squealer T i p  Hesim. 



Figure 4 .5 -2 .  Steady-State Temperatures for Hot-Day Takeoff 
Condition - Tip Cap Hekion and Below. 
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Figure 4-5-3. 3-D Elastic Stress  Analysis - Squealer T i p  Region - 
Chordwise Stresses. 



FAgure 4.5-4. 3-D Elastic Stress Analysis - T i p  Cap Region 
and Below - Chordwise Stresses. 
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6.7 seconds ( a c c e l  ove r shoo t ) ,  6 . 9  seconds (ove r sho t  ~ l r o p o f f ) ,  45 seconds 
( s t e a d y - s t a t e ) ,  203.5 seconds ( t h r u s t  r e v e r s e ) ,  220 seconds ( b u r s t ) ,  E id 225 
seconds ( d e c e l ) .  The s t r a i n  and temperature  c y c l e s  were ?stermined from t h e  
r e s u l t s  a t  tho  c r i t i c a l  area af the  b l ade  t i p .  The area is  loca te6  on t h e  
s u c t i o n  s i d ?  near  t he  t r a i l i n g  edge and was s e l e c t e d  because of good c o r r e l a -  
t i o n  beLween test-observed c rack ing  and a n a l y t i c a l l y  p red ic t ed  stress l e v e l s .  
Figure P l o t s  o f  s t r a i n  and b l a d e  
metal temperature  v e r s u s  t i m e  are presented i n  F igu res  4.5-7 and a.5-8 f o r  t h e  
c r i t i c a l  l oca t ion .  

'r.5-6 shows t h e  s e l e c t e d  b l ade  t i p  l o c a t i o n .  

A newly developed and implemented pos tp rocess ing  r o u t i n e  t h a t  allows the  
user t o  p l o t  contour  l i n e s  on a curved s u r f a c e ,  with subsu r face  s t r u c t u r e  
removed v i a  hidden l i n e s ,  h a s  been used to  assist i n  t h e  b l a d e  t i p  model anal-  
y s i s .  
c i e n t  means of  pursuing a n a l y s i s  r e s u l t s .  Contour p l o t s  C C  t r a n s i e n t  a n a l y s i s  
s teady-state-condi t ion temperatuze ( F i g u r e s  4.5-9 and 4.5-1Oj and e f f e c t i v e  
stress ( F i g u r e s  4.5-11 and 4.5-12) sre sh3m for both t h e  pressure-  an2 suc- 
t i on - s ide  f a c e s  o f  t h e  bl.?de t i p .  
p r i n c i p a l  stress l e v e l s  f o r  t h e  same t i m e  p o i n t  

The model can be o r i e n t e d  i n  any d e s i r e d  f a sh ion ,  pe rmi t t i ng  an e f f i -  

F igu re  4.5-13 d e p i c t s  suc t ion - s ide  f a c e  

4.6 INELASTIC ANALYSIS 

Cyc l i c  i n e l a s t i c  ( c r e e p  and p l a s t i c i t y )  f ini te-element  stress a n a l y s i s  was 
conducted f o r  t h e  f c l l  b l ade  t i p  model (580 elements ,  1119 nodes) u s ing  ANSYS. 
An ANSYS deck g e n e r a t o r  was c r e a t e d  and u t i ' r z e d  tc set up an i n e l a s t i c  model 
for t h e  23 miss ion  c y c l e  t r a n s i e n t  t i m e  p o i n t s .  The r e s u l t a n t  d a t a  were read 
t o  t a p e  and shipped t o  Houston, Texas, f o r  p rocess ing  on the  CDC 176 computer. 

I n i t i a l l y ,  non l inea r  c y c l i c  stress a n a l y s i s  was performed f o r  one complete 
mis s ion  t r a n s i e n t  c y c l e  inc lud ing  a l l  23 t i m e  p o i n t s .  h e  cos t - r educ t ion  me3- 
s u r e  i n v e s t i g a t e d  was t h e  e l i m i n P t i o r  of u m e c e s s a r y  a n a l y s i s  p o i n t s  w i t h i n  t h e  
mis s ion  c y c l e  t r a n s i e n t .  Upon comp'etion of  one pass  through the  c y c l e ,  u s ivg  
t h e  23 t i m e  p o i n t s  o r i g i n a l l y  s e l e c t e d ,  it was observed that- reducing <he num- 
b e r  of = n a l y s i s  p o i n t s  t o  those  simm i n  F iqu re  4.6-1 wou!d have an i n s i g n i f i -  
c a n t  e f f e c t  on t h e  r e s u l t s ,  provided t h a t  a s u f f i c i e n t  r i b e r  of i t e r a t i o n s  
would be allowed so t h a t  convergetice c r i r e r i a  could be m e t .  As v e r i f i c a t i o n ,  
t h e  i n i t i a l  c y c l e  was r e run  usinq on ly  these  p o i n t s .  Exce l l en t  agreemenr was 
found between ana lyses ,  and a l l  subsequent runs  were made with t h e  "reduced" 
c y c l e .  

The three..dimensional b l a d e  t i p  f in i te-element  model was succtbssfti1 l y  run 
through seven thermal loading c y c l e s .  Contoui p l o t s  of minimum pr in-ipal 
s t r a i n  a re  presented i n  F igu res  4.6-2 and 4.6-3 f o r  t h e  pressb.,.e- a r d  euct ion-  
s i d e  f a c e s ,  r e s p e c t i v e l y .  R e s u l t s  i n  t h e  form of  stress ve r sus  s t r a i n  a t  t he  
p rev ious ly  chosen c r i t i c a l  l o c a t i o n  (Element 19) a r e  shown i n  Figure 4.6-4 for  
t h e  f i r s t  two c y c l e s .  Considering the i n i t i a l  loading c y c l e  t h e  s t r e s s - s t r a i n  
response can be descr ibed a s  fol lows:  
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Cycle P o i n t s  Re s pons e 

1-2 E l a s t i c - p l a s t i c  rnsponse du r ing  heat-up ( a c c e l )  

2-3 E s s e n t i a l l y  e l a s t i c - c r e e p  response a t  cons t an t  temper- 
a t  ur e ( s t ead y-s t a t  e 

3-4 Elastic response du r ing  cool-down - no r e v e r s e  p l a s t i c i t v  
was experienced ( t h r u s t  r e v e r s e )  

4-6 Elastic response du r ing  heat-up and cool-down (bm-st 
and d e c e l )  

It is observed t h a t  a large amount of  p l a s t i c i t y  o c c u r s  du r ing  t h e  i n i -  
Creep occur s  du r ing  the . subsequen t  t i a l  heat-up p o r t i c n  of  t h e  f i r s t  cyc le .  

s t eady- s t a t e  hold time, reducing some of t h e  p l a s t i c i t y .  Reversed p l h s t i c i t y  

s t r a i n  and tens i le  stress at  t h e  end of t h e  cyc le .  
c o n t a i n s  a smaller amount o f  p l a s t i c i t y  is generated by t h e  second thermal 
loading. As shown i n  Figure  4.6-5, subsequent c y c l e s  w i l l  produce h y s t e r e s i s  
loops t h a t  move p rogres s ive ly  i n  t h e  nega t ive  s t r a i n  d i r e c t i o n ,  with l a r g e r  
peak t e n s i l e  stresses dur ing  t h e  cool-down p o r t i o n  of  t h e  cyc le .  
s i s t e n t  with the  f a c t  t h a t  t h e  p r o g r e s s i v e l y  h ighe r  peak t e n s i l e  stresses cause 
a longer e l a s t i c  range t o  be t r ave r sed  [because of t h e  shape of t h e  l o r t e m p e r -  
a ture  (320" C, 600" F) s t r e s s - s t r a i n  cu rve ]  b e f o r e  y i e l d i n g  can cccu r  due to 
the heat-up p o r t i o n  of t h e  cycle .  A d d i t i o n a l l y ,  t h e  p red ic t ed  c r e e p  s t r a i n ,  
while  s t i l l  i n c r e a s i n g ,  does so a t  a slower ra te  with each i n c r e a s i n g  cy' le as 
the  stress l e v e l  a t  t h e  hot  end o f  t h e  c y c l e  s t a b i l i z e s .  While complete hys- 
teresis loop s t a b i l i z a t i o n  has  not occurred by t h e  seventh c y c l e ,  t h e  maximrun 
change i n  s t r a i n  between the s i x t h  and seventh c y c l e s  f o r  any comparable p o i n t s  
i s  less than 3 5 v m / m .  The corresponding maximum stress change i s  less than 
6.9 MPa ( 1  k s i )  (Table 4.6-1). T h i s  is  fe l t  t o  be adequate  s t a b i l i z a t i o n  f o r  
a n a l y s i s  requirements ,  and no a d d i t i o n a l  i n e l a s t i c  c y c l i c  a n a l y s i s  i s  needed. 

not experienced i n  t h e  cool-down segment, r e s u l t i n g  i n  r e s i d u a l  compressive 
A s t r e s s - s t r a i n  curve which 

Th i s  is con- 

In support  of t he  thermomechanical f a t i g u e  (TMF) tes t  program, an i n e l a s -  
t i c  c y c l i c  a n a l y s i s  was made f o r  t h e  s imple model shown in Figure 4.6-6, using 
CYANIDE,  t o  make some prejudgments on shakedown and LCF e f f e c t s .  The model 
r e p r e s e n t s  an a x i a l  s l i c e  or Element 19 !Figure 4.5-61, t h e  f u l l  model element 
located a t  t h e  suc t ion - s ide  f ace  of t h e  b l ade  t i p ,  i n  the area s e l e c t e d  for 
use  i n  TMF test  c y c l e  d e f i n i t i o n .  The 2-D r e p I e s e n t a t i o n  c o n s i s t s  of cons tan t -  
s t r a i n  t r i a n g u l a r  elements with loading app l i ed  i n  the  R d i r e c t i o n  a t  Nodes 2 
and 5.  Displacements and temperatures  conforming t o  TMF Cycle I (MASS e l a s t i c  
a n a l y s i s  r e s u l t s ,  Sec t ion  5 . 2 )  were imposed on t h e  mcdel as shown i n  F igu res  
4.0-7 and 4 . 6 - 8 .  The c y c l i c  h y s t e r e s i s  loop (F igu re  4.6-9) shows t h a t  a f t e r  
a l a r g e  amount of  p l a s t i c i t y  incurred du r ing  the i n i t i a l  heat-up p o r t i o n  of 
the f i r s t  c y c l e ,  a r a t c h e t i n g  e f f e c t  is  experienced with p r o g r e s s i v e l y  h ighe r  
t e n s i l e  s t r e s s e s  during t h e  cool-down p o r t i o n  of each c y c l e .  Th i s  r a t c h e t i n g  
e f f e c t  w i l l  cont inue u n t i l  a z e r o  s t ress  level  is rcached du r ing  t h e  hot PO 

t i o n  of the  c y c l e .  No change i s  seen i n  t o t a l  s t r a i n  range o r  t h e  min/max 
s t r a i n  va lues  s i n c e  i t  i s  held c o n s t a n t ,  a s  w i l l  be t h e  c a s e  during TMF t e s t -  
ing.  However, Figures  4.6-10 and 4.6-11 show t h a t  during c y c l i n g  a d e f i n i t e  
t r adeof f  occurs  between p l a s t i c  s t r a i n  (which Decomes progres s ive ly  more pos- 
i t i v e )  and c r e e p  s t r a i n  (which becomes p rogres s ive ly  mort? n e g a t i v e ) .  The 
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Table 4.6-1 
ANSYS INELASTIC ANALYSES REsi!TS 

0 Element  19 Results 
0 Stress vs. Stra in  

Strain, 

0 

-?38L 
-3 582 
-500 
-134 8 
-901 
-3%0 

-3710 
-620 

-1560 

-1040 
-3 663 
-3787 

-691 
-1648 
-1131 

-3 74 1 
-3839 
-746 

-1680 
-1187 
-37 61 

-3866 
-77 5 
-174P 

-124 3 

-3777 

-3889 
-802 

-1797 
-1276 

S t r e s s  (hi) 

0 

-43.52 
-25.?3 
39.78 
' - . 5 0  

-34 *73 

-35.74 
-22.82 

45.50 
18.02 

30.40 

-31 . 90 
-21.93 
47.9G 
20.56 

33.10 
-29.95 
-21.01 
49.89 
22.10 
34.72 
-19.87 
-20.48 

51.10 
23.89 
35.81 
-29.77 
-20.03 
52.05 

25.36 
37.09 

S t r e s s  (MPd 

0 

-300.29 
-174 -78 
274.46 

86.25 
-239.64 
-24 6.61 
-157.46 

313.95 
124 -36 

209.76 

-220.11 
-151.32 
330.51 
141.86 

228.39 
-206.66 
-144.97 
344.24 

152.49 
239.57 
-206.10 
-151.31 

352.59 
164.84 

247.09 
-205.41 
-13b.21 
359.14 
176.98 

255.92 
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Table 4.6-1 (Concluded) 
ANSYS INELASTIC ANALYSES RESULTS 

0 Element 19 Results 
0 Stress vs. Strain 

-6 Strain. 10 

-3788 
-3918 
-829 
-1825 
-1308 

Stress (ks i )  Stress (ma) 

-29.69 -204.86 
-19.78 -136.48 
53 . 01 365.77 
25.99 179.33 
98.00 262.20 
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change of p l a s t i c  and c r e e p  s t r a i n s  wi th  time is presented  i n  F igu res  4.6-12 
and 4.6-13. 
ic  both s t r a i n  components is less than 10% o f  t h a t  occu r r ing  between s t a r t - u p  
and t h e  i n i t i a l  cyc le .  
s t r a i n s  ( i n  t h e  form o f  d isp lacements )  ob ta ined  from t h e  i n i t i a l  pas s  through 
t h e  t r a n s i e n t  c y c l e  of t h e  AUSYS i n e l a s t i c  a n a l y s i s  for comparat ive purposes  
(F igu res  4.6-14 through 4.6-16).  

It can be seen  that  by t h e  s i x t e e n t h  cycle t h e  incremental  change 

A similar a n a l y s i s  was p e r f o w e d  imposing c y c l i c  

THF t e s t i n g  as repor t ed  in S e c t i o n  5.2 c o n s i s t e d  of i m p o s i n g  both t h e  
elastic (MASS) a d  i n e l a s t i c  (ANSYS) a n a l y s i s  s t r a i n  and tempera ture  p r o f i l e s  
(a t  t h e  c r i t i ca l  l o c a t i o n )  tq  a smooth a x i a l l y  loaded c y l i n d r i c a l  specimen. 
The primary obse rva t ion  made fram 'fEdF test r e s u l t s  w a s  t h a t  stress r e l a x a t i o n  
occurred at a much f a s t e r  rate expe r imen ta l ly  then  had been p r e d i c t e d .  F igu re  
4.6-17 shows t h e  c o r r e l a t i o n  between CYANIDE a n a l y s i s  and test  r e s u l t s  for t h e  
first c y c l e  of the elastic a n a l y s i s  p r o f i l e .  S t r e s s  r e l a x a t i o n  (betwen P o i n t s  
2 and 3) observed from t e s t i n g  is approximately t h r e e  times g r e a t e r  t han  t h a t  
o f  a n a l y s i s .  This i n d i c a t e s  t h a t  t h e  high-temperature  c r e e p  p r o p e r t i e s  and/or 
t h e  c r e e p  damage model t h a t  uas used r e q u i r e  mod i f i ca t ion .  It should  be noted 
t h a t  only a small amount of shor t - t ime c reep  d a t a  exists a t  these stress-tem- 
p e r a t u r e  l e v e l s  due to t h e  d i f f i c u l t y  i n  performing such tests. The s t a b i l -  
i zed  s t r e s s - s t r a i n  loop which occurred  by t h e  f o u r t h  c y c l e  exper imenta l ly  i s  
shown i n  F igu re  4.6-18. h e  t o  t h e  d i f f e r e n c e s  i n  r e l a x a t i o n  rates, CYANIDE 
a n a l y s i s  determined t h a t  16 cycles would be r equ i r ed  f o r  s t a b i l i z a t i o n  t o  
occur .  
s l i g h r l y  d i f f e r e n t  from tha t  p red ic t ed  - 550 Wa ('19 k s i )  i n s t e a d  of 510 MPa 
(74 k s i ) .  
of e l a s t i c i t y ,  etc.) and a s l i g h t l y  d i f f e r e n t  test p r o f i l e  t han  t h e  one or ig-  
i n a l l y  de f ined  (max e*-$ 

of running i n t e r r v -  vi 
intended,  more knouIcage would be gained by performing TMF cyclic t e s t i n g  
and imposing the- ANiYf a n a l y s i s  s t r a in - t empora l  p r o f i l e  on t h e  specimen. 
For convenience t h e  f i r s t  t w o  a n a l y s i s  c y c l e s  were run,  followed by and con- 
t i n u i n g  w i t h  t h e  seventh  a n a l y s i s  cyc le .  A comparison of t h e  seventh  anal-  
y s i s  and t e r t  c y c l e s  is presented  i n  F igure  4.6-19. 
bo th  c y c l e s  have s t a b i l i z e d ,  and a g a i n  t h e  d i f f e r e n c e  between p red ic t ed  and 
a c t t  I -  .tress r e l a x a t i o n  dur ing  the i n i t i a l  c y c l e  is e v i d e n t .  

Add i t iona l ly ,  t h e  peak t e n s i l e  stress achieved fram testing was 

This could be due t o  d i f f e r e n c e s  i n  material p r o p e r t i e s  (modulus 

1:- -0.333% t o  -0 .293%).  
.eap tests a t  s e l e c t e d  t i m e  p o i n t s  as  i n i t i a l l y  

It was decided t h a t  i n  l i e u  

For camparat ive purposes  
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-3500 -3900 -2500 -2000 -1500 -lo00 -500 0 500 

Strain,  

Figure 4.6-18. Stress  Versus Strain - Elastic Analysis Profile. 
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Figure 4 .6 -19 .  S t r e s s  Versus S t r a i n  - I n e l a s t i c  Ana lys i s  
Profile. 



5.0 THERML )(ECHANICAL EXPERIMENTS AND LIFE ANALYSES 

In  t h i s  s e c t i o n  r e s u l t s  are presented  f o r  t h e  thermal mechanical f a t i & u e  
(W) experiments,  c r ack  i n i t i a t i o n  l i f e t i m e  c a l c u l a t i o n s ,  and c rack  p r o p q a -  
t i on  ana lyses .  
s h o w  what appears  to be many t i g h t  c o a t i n g  c r a c k s  d e n  it is exzmined wi th  a 
f l u o r e s c e n t  pene t r an t .  
to  c o a t i n g  c rack ing  a t  t h e  lowest temperatzrt: of t h e  TWF c y c l i n g  and no t  to  
t h e  f a t i g u e  of t h e  s u b s t r a t e  material (Rew 80) .  However, it is also shown 
t h a t  emst of t h e  l i f e  a n a l y s i s  techniques  are capab le  o f  r each ing  r easonab le  
conclus ions  about t h e  s t r u c t u r a l  l i f e t i m e  of t h e  analyzed b lades .  Neverthe- 
less, none of t h e  m t h o d s  are s a t i s f y i n g  when one compares t h e s e  techniques  to  
both  t h e  TllF s t r e s s - s t r a i n  respmse a d  t h e  total  l i f e  c a l c u l a t i o n ,  i n c l u d i a g  
both  i n i t i a t i o n  and propagation. 

It is shown t h a t  t h e  longes t  running  l?W specimen (135 cycles) 

T h i s  i n  t u r n  suggests t h a t  c r a c k  i n i t i a t i o n  is r e l a t e d  

Recall t h e  f a c t o r y  test c y c l e  d e f i n i t i o n  c h a t  was g iven  i n  F igu re  4.1-1, 
and t h e  accompanying d i s c u s s i o n  t h a t  showed t h a t  on ly  one of t h r e e  chop-and- 
b u r s t  c y c l e s  i n  t h e  f a c t o r y  test w a s  d e l e d  i n  t h e  a n a l y s i s  pbase of t h i s  pro- 
gram. In t h e  subsequent l i f e  ana lyses ,  it was a s s d  t h a t  a l l  t h r e e  o f  t h e s e  
chop-and-burst cycles uere i d e n t i c a l  and were camposed of t h e  time p o i n t s  from 
zero to  203.5 seconds i n  t h e  a n a l y s e s  (see F i g u r e s  6.1-1 and 4.6-1). The sub- 
sequent reversals i n  s t r a i n  and tempera ture  which happened between t h e  a n a l y s e s  
tirnes of  203.5 and 226 seconds occurred once per c y c l e  i n  t h e  f a c t o r y  tests. 

The assumption t h a t  t h e  t h r e e  chop-and-burst cycles are e q u i v a l e n t  is 
reasonable .  The only  ques t ion  is t h e  p o s s i b i l i t y  t h a t  so~te of t h e  t I a n s i e n t  
tempera tures  (and hence s t r a i n s )  might be d i f f e r e n t  du r ing  t h e  o t h e r  toro 
cyc le s .  Hawever, t h e  same ramp rate is used in  t h e  tests for a l l  t h r e e  c y c l e s ,  
and i n  any even t ,  t h e  s t e a d y - s t a t e  p o r t i o n s  of t h e  t h r e e  cycles should be iden- 
t i c a l .  
t h e  end of t h e  s t e a d y - s t a t e  t akeof f  s e t t i n g  ( t h e  ZOO-second p o i n t )  t h i s  s t r a i n  
l e v e l  shou ld 'be  a c c u r a t e l y  c a l c u l a t e d .  F i n a l l y ,  i t  is noted t h a t  t h e  s t r a i n  
c y c l e  between 203.5 t o  226 seconds is very satell, and is hence fo r th  d e l e t e d  
from t h e  i n i t i a t i o n  ana lyses  ( i t  is i t  

Hence, s i n c e  t h e  maximum compressive s t r a i n  i n  t h e  a n a l y s e s  occur s  a t  

rded i n  t h e  , ropagat ion work). 

Severa l  f ac to ry  tests were conduct> i us ing  a myriad of cycle combinat ions 
and blade c o n f i g u r a t i o n s ;  v i r t u a l l y  a l l  t h e  f a c t o r y  test r e s u l t ,  as welL a6 
actual  in-service exper ience  showed b:ade distress i n  t h e  t i p  r eg ion  under 
s tudy.  
here involved 16 b l a d e s  and LO00 f a c t o r y  c y c l e s .  A t  t h e  end of t h e  1000 c y c l e s ,  
t h e  b l ades  were removed and t h e  e x t e n t  of c rack ing  was documented. Of t h e  16 
b l ades ,  one had cracked j u s t  t o  t h e  t i p  cap; :O had cracked below the  t i p  cap ,  
and 5 had cracked below the  t i p  cap and t h e  c racks  had changed d i r e c t i o n .  
S i n c e  the t i p  cap WAS 3 .8  nun (0.15 i n . )  be!c.rw tile h i a d e  t i p .  this l x i g t h  and 
1000 c y c l e s  were used as the  c r i t e r i a  f o r  judging  the  resul ts  of the  c rack  
propagat ion  analyses. For the  i n i t i a t i o n  a n a l y s e s ,  t h e  above-noted assumption 
of t h r e e  c y c l e s  pe r  miss ion  c y c l e  meant t h a t  3000 was t h e  maximum number of 
t h e s e  chop-and-burst c y c l e s  which could occur.  

The p a r t i c u l a r  canb ina t ion  of t .?ctory c y c l e s  and blade geometry s t u d i e d  
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5.1 SURFACE STRESS EXTRAPOLATION 

Hecall t h a t  a l l  of t h e  above-mentioned ANSYS stresses and s t r a i n s  were 
element c e n t r o i d a l  values .  
imate ly  0.5 mm (0.02 in . )  removed from t h e  f r e e  s u r f a c e  of t h e  b l ade  t i p .  In 
o r d e r  to provide a better b a s i s  for t h e  l i fe -assessment  and crack-propagat ion 
ana lyses ,  stirface e x t r a p o l a t e d  stresses were obta ined .  T h i s  was accomplished 
by apply ing  t h e  AIUSYS nodal  d i sp lacements  i n  a reduced d e 1  of t h e  c r i t i ca l  
r e g i o n  us ing  a three-d imens iona l  v e r s i o n  of t h e  CYANIDE computer code. 
r e f i n e d  mesh w a s  cons t ruc t ed  such t h a t  n i n e  t i m e s  t h e  nupber of e lements  was 
used and i n t e r p o l a t e d  bounflary c o n d i t i o n s  were ap t . .&  as requi red .  
seventh  c y c l e  was used from ANSYS, however t o t a l  lie< was accmdated such 

- t h a t  a t  each mis s ion  po in t  t h e  e l apsed  time was t h e  same as had e l apsed  at t h e  
end of t h e  seventh  ANSYS cyc le .  
dent  c r e e p  s t r a i n  was included i n  t h e  reduced nodel.  

The c e n t r o i d  of t h e  c r i t i ca l  Element 19 w a s  approa- 

The 

Only t h e  

I n  t h i s  way, t h e  time (and temperature)  depen- 

The r e s u l t i n g  stress d i s t r i b u t i o n s  are shown i n  F igu re  5.1-1. As shown, 
t h e  two a n a l y s i s  codes agree to w i t h i n  102 in amst l oca t ions .  
t h e  CYANIDE stress d i s t r i b u t i o n  is used i n  t h e  c rack  propagat ion  a n a l y s i s  
which is desc r ibed  later. 

Subsequent ly ,  

I n  a similar manner, t h e  s u r f a c e  s t r a i n s  wre ob ta ined  from t h e  3-D 
CYANIDE a n a l y s i s  by e x t r a p o l a t i n g  t o  t h e  su r face .  These s t r a i n s  uere used to  
run repeated cycies in t h e  s imple  four-element ,  tua-dimensionsl  CYANIDE model 
previous ly  desc r ibed .  
range of about 0.33% with a maximum i n e l a s t i c  s t r a i n  range of 0.0132 on t h e  
last cycle. These r e s u l t s  were used i n  t h e  c rack  i n i t i a t i o n  ana lyses .  

The r e s u l t s  of t h i s  a n a l y s i s  y i e lded  a surEace s t r a i n  

Z.?  THERHAL c(ECHAN1CAI. EXPERIMENTS 

Three thermal mechanical f a t i g u e  experiments  uere carried o u t  at Hateriel 
Behwior  Research Corporat ion.  These tests were run to  determine t h e  a c t u a l  
h y s t e r e s i s  response t h a t  r e s u l t e d  from imposing t h e  s t r a in - t ime  h i s t o r y  from 
t h e  ana lyses  on a l abo ra to ry  specimen. The first two tests modeled t h e  elas- 
t i c  a n a l y s i s  s t ra in- temperature- t ime p r o f i l e ,  while  t h e  t h i r d  modeled t h e  
s t r a i n  p r o f i l e  fran A?iSYS. The purpose 'of  t h e  two tests t h a t  were based on 
t h e  e l a s t i c  a n a l y s i s  was t o  e s t a b l i s h  t h e  e f f e c t  of t h e  f a s t  temperature  
excurs ion  from 340' C t o  1040' C (650" F ttt 13W0 F) i n  6.7 seconds.  Th i s  
e x c u r s i o n  could not be obtained exper imenta l ly  vi th  s tandard  l abora to ry  induc- 
tioti hea t ing  which had a time of 7 5  seca3ds.  I t  was shown t h a t  t h e  lack of 
f a s t  hea t ing  was not c r i t i c a l  a s  rap id  c r e e p  occurred i n  t h e  1040" C t o  
1100' C (1900' F t o  2000' F )  temperatue range.  E x t r m e  c a r e  was requi red  
i n  modeling t h e  thermal expansion cf t h e  specimen s i n c e  i t  was about 1.5% 
while t he  mwhanical  s t r a i n  range was on t h e  o r d e r  o f  0 .3X .  

A schematic of t h e  THF s e t u p  is anown i n  Figure  5.2-1. As shown, t h r e e  
func t  ion gene ra to r s  were requi red :  
s t r a i n - t i m e  p r o f i l e ,  and t h e  measured thermal s t r a i n - t i m e  p r o f i l e .  The ther -  
mal s t r3 in - t ime  p r o f i l e  w3s measured by imposing the temperature-time p r o f i l e  

temperature-t  m e  p r o f i l e ,  mechanical 
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Figure 5.1-1.  Comparison of Reduced 3-D CYANIDE Model w i t h  
MSYS Coarse Elodel. 
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on t h e  specimen i n  zero load c o n t r a l .  
m a l  s t r a in - t ime  h i s t o r y  was c a r e f u l l y  measured and converted to  l i n e a r  ramps 
f o r  t h e  d i g i t a l  cunputer  which supp l i ed  t h e  thermal  s t r a i n  comme..d to t h e  
servo c o n t r o l l e r  dur ing  t h e  TNF experiments .  The accuracy of t h e  de r ived  
thermal  s t r a i n  cosllpend was v e r i f i e d  by running t h e  specimen i n  ze ro  s t r a i n  
cciatro: and monitor ing t h e  load response.  Typ ica l ly ,  t h e  c o n t r o l  w a s  w i t h i n  
0.01 to 0.03% s t r a i n  throughout t h e  cyc le .  
t h e s e  experiments  is shown i n  F igu re  5.2-2. 

A f t e r  t h e  response s t a b i l i z e d ,  t h e  ther -  

The specimen t h a t  w a s  used in 

The s t ra ins  de r ived  from t h e  e las t ic  a n a l y s i s  *re used i n  T e s t  I (Fig- 
u r e s  5.2-3 and 5.2-4). 
pared t o  t h e  6.7 seconds i n  t h e  b l ade  a n a l y s i s .  
from Poin t  2 t o  Poin t  3 was about 40 seconds,  which w a s  c l o s e l y  m o d e l e d  i n  t h e  
experiment.  
t h a t  even had t h e  i n i t i a l  f a s t  excur s ion  been modeled e x a c t l v ,  it is doub t fu l  
t h a t  t h e  r e s u l t s  would have been m a t e r i a l l y  d i f f e r e n t .  T h i s  w a s  f u r t h e r  v e r i -  
f i e d  by Tes t  IK (F igu res  5.2-5 and 5.2-6). 
excur s ion  w a s  app l i ed  a t  1100' C (2000' F) in about t h r e e  seco ras ,  thereby  
s imula t ing ,  a t  least, t h e  i n i t i a l  to ta l  s t r a i n  rate. 
and temperature  were cycled  s imul taneous ly  as s h a m  i n  t h e  f i g u r e s .  
t h e  h y s t e r e s i s  loops induced by t h e  two tests wete v i r t u a l l y  t h e  same. 

Note t h a t  Po in t  1 was reached i n  75 seconds  as^ cam- 
Note f u r t h e r  t h a t  t h e  time 

During t h i s  latter t h e  period t h e  stress r a p i d l y  decayed, such 

I n  t h i s  case, t h e  i n i t i a l  s t r a i n  

T h e r e a f t e r ,  t h e  s t r a i n  
Note that 

F igures  5.2-7 and 5.2-8 detail  t h e  imposed condi t ior .  and measured 
-esponse,  r e s p e c t i v e l y ,  from T e s t  111. In t h i s  ca se ,  tTe mall r a t c h e t  
s t r a i n s  p red ic t ed  by t h e  seven a n a l y t i c a l  ANSYS c y c l e s  were modeled by fou r  
c y c l e s  exper imenta l ly .  
s een ,  t h e s e  r e s u l t s  are v i r t u a l l y  t h e  same as t hose  from t h e  o t h e r  two tes .. 

The subsequent cycles r6 peated Cycle  4 As can be 

T e s t  I11 was t h e  longes t  test wi th '135  cyc le s .  The specimen w a s  removed 
and inspec ted  for s u r f a c e  deg rada t ion  us ing  n f l u o r e s c e n t  pene t r an t .  The 
r e s u l t s  showed s e v e t ~  i n s t a n c r s  t>f cracking ,  i is seen  i n  Figure 5 .2 -9 .  T t  
was known t h a t  costing cracking could precede matrix c rack ing  ( 3 s  measured by 
a compliance technique)  by a l a r g e  percent3lgc of l i f e .  However, for t h i s  
CODEP c.rat ing.  most prev ious  s t u d i e s  showed such b r i t t l e  behavior  a t  temp- 
e r a t u r e s  below about 760" C (l.$ocO F ' ,  while  a t  h ighe r  tempera tures  above 
760' C (IGOG" F) t h e  c o a t i n g  had more A i c t i l i t v .  I t  appeared t h a t  such 
coiitinp. c racking  would r e q u i r e  t h e  lower temperature  of t h e  TElF c y c l e  i n  
o r d e r  t o r  IF- r+ 5e ahserved.  Note t h a r  such a crack  i n i t i a t i o n  mechanism 
c c x l d  not  bcb pred ic t ed  by us ing  i so thermal  test  d a t a  a t  t h e  h ighe r  temper- 
a t u r e s  o f  t h e  TPtF cycle. Crack i n i t i a t i o n  a t  such h ighe r  i so thermal  temp- 
t-ratures w L w l d  oL-cur through ;r more convent ional  s u b s t r a t e  f a t i g u e  mechanism 
prtmiminr: the cc?;rting is more d u c t i l e .  

5 . 3  CRACK INITIATION LIFE ANALYSES 

In t h i s  s e c t i o n ,  t h e  a n a l y s i s  of some Re& 80 f a t i g u e  d a t a  is presented 
The de r ived  followed by l i f e  p r e d i c t i o n s  made by four  d i f f e r e n t  approaches.  

s t r a i n s  for t hese  ana lyses  and t h e  f ac to ry  test c y c l e s  a r e  d iscussed  i n  t h e  
in t roduc to ry  po r t ion  of Sec t ion  5 .  
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3.3.1 Data Analvses 

As stated earlier i n  t h i s  report, Re& 80 is a we l l  c h a r a c t e r i z e d  mate- 
r i a l ,  and cons ide rab le  f a t i g u e  d a t a  exists. 
ana lyze  t h e  d a t a  to make it s u i t a b l e  for t h e  v a r i o u s  l i f e  p r e d i c t i o n  t h e o r i e s .  
The methods exiisined wre S t r a i n  Range P a r t i t i o n i n g  (SRP) (References 2 through 
91, Frequency Modified (References 9 th rcugh 111, and t h e  convent iona l  time and 
' y c l e  f r a c t i o n  rules. I n  a d d i t i o n ,  t h e  data were cast i n t o  a form suggested 
by c u r r e n t  mean stress damage parameters (References  12 through 15). 

However, it w a s  necessary  to re- 

- 

Host o f  t h e  d a t a  (540' C t o  980' C (1000' T t o  18UK?---F>i &e fram exper i -  
ments by Mar-Test, C inc inna t i ,  Ohio, under m-earH-&-contract to  the Genera l  
Electric Company. 
from e a r l y  (circa 1969) work us ing  noncontac t ,  laserbased s t r a i n  coatrol. 
These d a t a  are soamhat suspec t  in  t h a t  the measured h y s t e r ? s i s  loops, a t  
times, show c o n c a v i t i e s  ir. t h e  stress response, a tendpa:, d i c h  may indicate 
t h a t  t h e  c o n t r o l  was l e s o  t h a n  desirable. kvertbeless. 
d a t a  suggest  t r e n d s  t h a t  are u s e f u l  i n  extrapolating fr- 360. C to 1100' C 
(1800" F to  2000' F). Since  the 980' C data is t h e  largest set of t h e  more 
r e l i a b l e  data, i t  is examined below i n  detail fu r  i n t e r p r e t a t i o n  t h e  Fre- 
quency Hodified (FMI method. 
been repor ted  by C o f f i o  (Reference 9 ) .  SRP d a t a  for t h e  subsequent  a n a l y s i s  
a r t  taken f r m  Reference 4 at 1000' C (1830' F). 

Other  data IlW' c to I~oo' c (19OO' F to 2000' F)] are 

-e high- t empera t u r e  

Other  R e &  80 data at 870' C 41600" F) have  

Figure  5.3-1 shows t h e  980' C (1800' P) Iten; 80 da ta .  me cycles to 
c rack  i n i t i a t i o n ,  Ni, are based on load compliance. These data are taken  
under s t r a i n  c o n t r o l  at s t r a i n  rates frasa O.ZZ/sin. to  1 0 Z h i n .  
three 4c r a t i o s  (4 = ca/cm, where ca and em-are t h e  a l t e r n a t i n g  and =an 
s t r a i n ,  r e s p e c t i v e l y )  are included.  In totai, t h e r e  are 50 poiots, 20 a t  
A, = + I ,  20 at .\ = -1, and t h e  rest a t  & Only six of t h e  d a t a  are 
a t  t h e  lover s t r a i n  rate and none of t h e s e  data is f o r  t h e  & = -  d a t a  set. 
Fbr t h e  purposes o f  t h e  FN a n a l y s i s ,  t h e  c y c l i c  frequency, u, is c a l c u l a t e d  
from the formula 

In a d d i t i o n ,  

-. 

where is t h e  total  s t r a i n  rate and Ac is  t h e  t o t a l  s t r a i n  range. Note t h a t  
c h i -  f o r n u t s  is exact s i n c e  t h e  d a t a  are genera ted  using a t r i a n g u l a r  wave 
form. When t h i s  formula is app l i ed ,  t h e  range of v is €ram 0.05 to  25  c p  

The Fh equa t ions  from Reference 9 are g iven  by 

-BV6( 1-K) A C  = E A '  N i  -6 '  v K l '  + cp  N i  , (5-2) 

where E i s  Young's modulus and A ' ,  8', K l ' ,  C2, 8 ,  and K are independent 
.onstants from which a l ;  subse+Jent  equa t ions  can be der ived .  The f i r s t  term 
on the  right-hand s i d e  o f  Eq l a t i on  5-2 r e p r e s e n t s  t h e  e l a a c i c  s t r a i n  tange  
( A c  = hc/k.) while the .rt*,-nnd term r e p r e s e n t s  t lw  p l . i s t i c  s t r a i n  rangc ( A c p ) .  
Fl imina t ing  til:. c v c l r s  to  crack  i n i t i a t i i n ,  H Srtwerr, t h e s e  two terms, 
o w  has air rquaticm for t h e  c y c l i c  s t r e s s - s t r a i n  curve.  i'. 
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Equat ion 5-3 w a s  f i t  to a l l  of t h e  Reas 80 980' C (1800' P) d a t a  by 
us ing  a s t anda rd  l i nea r - r eg res s ion  technique. 
F igu re  5.3-2, where t h e  lines were ob ta ined  f t o m  t h e  r e s u l t i w  regression 
a n a l y s i s  w i th  A = 486 Wa (70.4 k s i ) ,  am 0 0.183, and if1 was 0.0951. 
w a s  observed, t h e r e  appeared t o  be c o n i i d e r a b l e  scatter i n  t h e  stress response 
when p l o t t e d  on t h e  b a s i s  of frequency. 
by t h e  above aoted raqge q u a n t i t i e s  w a s  ass\eed to not be a f u n c t i o n  of t h e  & 
ratio. T h i s  a s s u s p t i o a  appeared to be i n  agreement wi th  t h e  r e s u l t s  of r e c e n t  
work by T.S. Cook (Reference 16) on Incooel 718 response  d a t a .  

The r e s u l t s  were as shown i n  

As 

The c y c l i c  stress-strain curve  de f ined  

The rest o f  t h e  c o n s t a n t s  f o r  Equat ion  5-2 were determined by l i n e a r l y  
r e g t e s s i n g  t h e  A s p  l i n e  as a f u n c t i o n  o f  v and 3;. 
eral ways, as s-rited i n  Table 5.3-1. 
in t h i s  r e g r e s s i o n  a n a l y s i s  bgause K w a s  g r e a t e r  t h a n  un i ty .  
w a s  c o n s i s t e n t  wi th  t h e  r e s u l t s  presented  by Cof f in  (Reference 91, it i n d i c a t e d  
a r e v e r s e  frequency e f f e c t  such t h a t  t h e  p r e d i c t e d  l i f e  uas Longer as frequency 
w a s  reduced at s h o r t  l i v e s  (see F igure  5.3-4). Since t h e  r e s u l t i n g  elastic 
l i n e s  were as expected, the trend reversed  at longer r i v e s  such t h a t  raisisg 
t h e  frequency inc reased  t h e  l i f e .  
set, +=+l d a t a ,  and t h e  4-1  da ta .  
based on fewer d a t a ,  and only  t h e  two  h i g h e r  s t r a i n  rates were used in t h e  
experiments. Consequently, ttm sets of a n a l y s e s  were used: 
t o  be u n i t y  and t h e  d a t a  were f i t  t h i s  way; and (2) K w a s  a l lowed to be greater 
than  u n i t y .  Both a n a l y s e s  were bssed on a l l  t h e  d a t a  and t h e  r e s u l t s  are g iven  
i n  Table  5.3-1. 

These data were f i t  sev- 

Although t h i s  
Many d i f f e r e n t  approaches were used 

These r e s u l t s  were found f o r  t h e  total data 
The 4- d a t a  shoved K < l ,  b u t  were 

(1) K w a s  assumed 

me r e s u l t i n g  data f i t s  are shown i n  F i g u r e s  5.3-3 through 5.3-6. b t e  
t h e  reverse frequency t r e n d  i n  t h e  f i rs t  two of t h e s e  f i g u r e s  for s h o r t  j i v e s .  
The last two of t h e s e  f i g u r e s  show t h e  r e s u l t s  f o r  K=1;  t h e  t endenc ie s  are mcre a5 
expected. Unfor tuna te ly ,  as t h e  d a t a  a n a l y s i s  s u g g e s t s ,  t h e r e  is enough 
s c a t t e r  i n  t h e  d a t a  to make e i t h e r  i n t e r p r e t a t i o n  p l a u s i b l e .  

A b r i e f  d e s c r i p t i o n  of an a n a l y s i s  o f  "low temperature" d a t a  is given  
below. The lower temperature data were analyzed because of t h e  extreme temper- 
a t u r e  v a r i a t i o n  at the  c r i t i c a l  b l ade  t i p  l o c a t i o n .  
s i n c e  t h e  d u c t i l i t y  is lower a t  lower tempera tures ,  t h e  p l a n t i c  s t r a i n - l i f e  
curve  is correspondingly  lower. The h ighe r  s t r e n g t h  as tempera ture  is lowered 
improves t h e  l i fe  with respect to  high-temperature  d a t a  a t  lcrrtgzr l i v e s .  The 
lowered d u c t i l i t y  s q g e s t s  t h a t  methods based on p l a s t i c  s t r a i n  a lone  (e .g . ,  
SRP) may r e q u i r e  t h e  L o r t e m p e r a t u r e  c h a r a c t e r i s t i c s  f o r  ana lyz ing  TMF s i t u a -  
t i o n s  i f  i t  can be assuited t h a t  t h e  T W  c y c l e  does not i n t roduce  i n t e r a c t i v e  
e f f e c t s .  

T h i s  a n a l y s i s  shows t h a t  

Figures 5.3-7 through 5.3-9 show t h e  results of t h e  l o w e r - t e q e r e t u r e  
l i n e a r  r e g r e s s i o n  ana lyses .  The p l a s t i c  s t r a i n - l i f e  l i n e  w a s  der ived  by 
assraaing t h a t  i t  was independent .J€ t e n p r r a t u r e  and s t r a i n  rate ( t h e  s t r a i n  





Table 5.3-1. Results of FM Regression Analyses P i t  of 980 (1800' F) 

Re& 80 Data (u i n  c p ,  and c i n  X )  

Nethod 

4 = - Data Only 

& = +1 Data Only 

& -1 Data Only 

A l l  Data 

A l l  Data (I1 f 1) 

Hethsd 

A l l  Data 

A l l  Data (K 9 1) 

F i t  of Plas t ic  Data 

K - 6 9 - 
14.825 0.6773 0.919 

10.878 0.604 1.155 

12.658 0.6116 1.229 

12.17 0.614 1.169 

1s. 34 0.666 1.0 

Resulting Elast ic  F i t  

A' (ma/ ks i) - 0. El' 
767.5/111.2 0.112 0.0761 

800.63/116.03 0.122 0.0951 
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rate v a r i e d  from 2Xlmin t o  10%/min). 
t h e  d a t a ,  with the  lower-temperature d a t a  appa ren t ly  somewhat s t ronge r .  How- 
e v e r ,  t h e  t e n s i l e  d u c t i l i t y  cu rve  dropped con t inuous ly  as t h e  temperature  
decreased,  so it  was decided t o  treat t h e  v a r i a t i o n  as s c a t t e r .  It also 
appeared t h a t  t he  two-slope i n t e r p r e t a t i o n  suggested by C o f f i n  (Reference 9)  
f o r  t h e  d a t a  i n  F igu re  5.3-7 might be warranLed. However, t h i s  was not inves- 
t i g a t e d  f u r t h e r .  
stress-strain cu rves  were analyzed (F igu re  5.3-8) since they were comparable. 
Thus t h e  r e s u l t i n g  f i t  is  for t h e  lower temperatures  o f  t h e  d a t a  set which 
are s t i l l  h ighe r  t han  t h e  lowest temperature  i n  t h e  blade.  

There appeared to be  some layering o f  

Only the 540' C (1000" F) and 650" C (1200° F) c y c l i c  

The anslyses i n  F igu res  5.3-7 and 5.3-8 were combined as w a s  done pre- 
v ' w s l y  fc 
-4c . i t i ona l  I.4F d a t a  were included i n  t h i s  p l o t  t o  show t h a t  over  t h e  l i m i t e d  
tea:, i r a t u r e  ranges involved i n  those  tests, t h e  TMF c y c l e  d i d  not  i n t roduce  
a,., d r a s t i c  e f f e c t s .  It should be noted t h a t  t h e  e f f e c t s  of temperature  were 
as  descr ibed above. 
used i n  making l i f e  p r e i i c t i o n s  with t h e  FH and SRP methods. 

'he 980" C (1800" F) d a t a  i n t o  t h e  comparison p l o t  o f  Figure 5.3-9. 

The r e s u l t s  o f  t h e  lower temperature  d a t a  a n a l y s i s  were 

In  Figure 5.3-10 t h e  p rev ious ly  noted suspec t  1040' C (1900" F) and 
1130" C (2000" F) d a t a  are compared with t h e  980' C (1800' F)  d a t a  on t h e  
b a s i s  of  p l a s t i c  s t r a i n .  
is  small. I n  a d d i t i o n ,  a comparison based on to ta l  s t r a i n  range shows t h e  
same resu l t .  Therefore ,  i t  is  subsequent ly  assumed t h a t  t h e  change i n  temper- 
a tu re  from 980" C (1800' F) t o  1040' C (1900" F) results i n  l i t t l e  change i n  
t h e  l i f e  c h a r a c t e r i s t i c s .  
work is necessary t o  e s t a b l i s h  t h i s  t rend.  

As shown, t h e  e f f e c t  o f  temperature  i n  t h i s  range 

Given t h e  n a t u r e  of  t h e s e  d a t a  above 980" C, f u r t h e r  

With t h e s e  d a t a  ana lyses  completed, we now t u r n  t o  t h e  p r e d i c t i o n  of  t h e  
l i f e  of t he  sub jec t  blade.  

5 . 3 . 2  Time and L i f e  F r a c t i o n  R u l e  

Probably t h e  o l d e s t  and s t i l l  t h e  most widely used approach for a s s e s s i n g  
c reep - fa t igue  damage i n  practical applications i s  t h e  l i nea r - t ime- f r ac t ion  
approach. Though t h e r e  are a mul t i t ude  of forms for t h i s  r u l e ,  i t  can be 
g e n e r a l l y  s t a t e d  as 

where 

4 f  = f a t i g u e  damage 

+c = c reep  damage 

3 ,  h = material cons tan ts .  
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O f  and 4tC are normally de f ined  as fol lows:  

and 

d t  

r 

(5 -6 )  

Equation 5-5 is  merely a Palmgren-Miner r u l e  summation, where N f i  is t h e  
c y c l e s  t o  f a i l u r e  f o r  t h e  i t h  loading cyc le .  
tude  s t r a i n  h i s t o r y  (as opposed t o  a cons tan t -s t ra in- range  h i s t o r y ) ,  damage 
t h a t  occurs  i n  each c y c l e  is summed independent ly  i n t o  t h e  f a t i g u e  damage term, 
+ f .  D e f i n i t i o n  of  a c y c l e  i n  such a s t r a i n  h i s t o r y  is not always s t r a i g h t -  
forward even though t h e r e  are a v a r i e t y  o f  so-called c y c l e  count ing  methods. 
Th i s  is  because these  c y c l e  count ing  methods were developed e x p r e s s l y  f o r  pro- 
p o r t i o n a l  cyc l ing  - a circumstance which seldom occur s  under var iable-ampli tude 
loadings  which induce coupled c reep - fa t igue  damage. 

Thus, du r ing  a v a r i a b l e - W l i -  

Equation 5-6 i s  f r equen t ly  c a l l e d  Robinson's rule and r e p r e s e n t s  t h e  c reep  
damage. The term t r (o ,T)  is t h e  t h e - t o - r u p t u r e  from a monotonic c r e e p  rup- 
t u r e  test conducted a t  cons t an t  stress, a ,  and temperature ,  T. In a p p l i c a t i o n s  
where t h e  stress and temperature  change, t h e  f r a c t i o n s  of  t h e  c r e e p  r u p t u r e  
l i f e  consumed dur ing  t h e  t i m e  spent  a t  each o f  t h e  cond i t ions  a r e  added 
toge the r  ( i n t e g r a t e d )  u n t i l  r u p t u r e  is p red ic t ed  when Oc = 1. Thus, i f  t h e  
stress and temperature  are cons t an t  for a t i m e  per iod ,  t ,  Equat ion 5-6 y i e l d s  

t ¶ 

OC tr(  a ,TI 
(5-7 1 

where $c is t h e  c r e e p  damage ( f r a c t i o n  o f  c reep  l i f e )  i ncu r red  du r ing  t h a t  
t i m e  per iod f o r  t h e  g iven  cond i t ions .  

Th i s  approach rece ived  much e a r l y  suppor t  (References 17 through 23) 
u n t i l  f u r t h e r  r e sea rch  showed t h a t  i t  was g e n e r a l l y  u n r e l i a b l e  (e.g., Refer- 
ences  24 and 2 5 ) .  I n  what fo l lows  i t  was assumed t h a t  a=b=l.O, t h a t  t h e  
stress-time h i s t o r y  could be descr ibed  by an equa t ion  of t h e  form (I ss 21 + 
Z2t,  and t h a t  t h e  temperature  o f  t h e  b l ade  was 1100" C (2000" F). Creep 
damage was assumed t o  occur only du r ing  t h e  compressive p o r t i o n  of  t h e  c y c l e  
( i . e . ,  t h e  a n a l y s i s  times of  45 seconds to 200 seconds) ,  and compressive dam- 
age was assumed to  be t h e  same as  t e n s i l e .  F i n a l l y ,  estimates of  t h e  r u p t u r e  
c h a r a c t e r i s t i c s  of  R e d  80 a t  1100" C with a wa l l  t h i ckuess  o f  1.1 ~IPD 

(0.04 i n . )  were a v a i l a b l e  from curve  f i t s  of  a l a r g e  popula t ion  of thin-wal l  
r u p t u r e  p r o p e r t i e s .  These d a t a  were a c c u r a t e l y  c a s t  i n t o  t h e  form 

t r  = Ao'n ( 5 - 8 )  



Using Equat ions  5-6 and 5-8 and t h e  assumed stress-time h i s t o r y ,  t h e  
c r e e p  damage was g iven  as 

c 
where t h  was t h e  ho ld  t i m e  of 155 seconds.  
damage pe r  one chop-and-burst c y c l e  which was assumed to  occur  t h r e e  times pe r  
miss ion  cyc le .  

T h i s  equa t ion  represented  t h e  

Reca l l  t h a t  t h e  e x t r a p o l a t e d  s u r f a c e  s t r a i n  range a t  t h e  b l ade  t i p  i p  

0.33% which, accord ing  t o  F igu re  5.3-1,  p r e d i c t s  t h e  va lue  o f  h' to be about 
3001) c y c l e s .  Using t h i s  va lue  and t h e  p r e d i c t 4  stress-time h i s t o r y  d u r i n g  
t h e  t i m e  from 45 seconds t o  155 seconds i n  Equat ion  5-4 y i e l d s  

i 

1 
1 - + $  N. c 

3n = 

1 

o r  n = 8.7 c y c l e s  s i n c e  0, was found t o  be 0.038. 

Now, r e c a l l  t h a t  t h e  TMF t e s t s  ehowed much more r e l a x a t i o n  than  was pre- 
d i c t e d  a n a l y t i c a l l y .  
d r a s t i c a l l y  change s i n c e  t h e  c r e e p  damage was overes t imated .  Accordingly, t h e  
TMF r e s u l t s  were reviewed, which showed t h a t  t h e  stress might have been as h igh  
as 35 MPa ( 5  k s i )  i n  t hose  t e s t s  du r ing  t h e  peak compression t i m e  per iod .  I f  
i t  were assumed t h a t  t h i s  s t ress  l a s t e d  throughout  t h e  i n i t i a t i o n  l i f e  t i m e  
o f  t h e  b l ade  t i p ,  then  t h e  r ev i sed  c a l c u l a t i o n s  y ie lded  a p red ic t ed  l i f e  of 
431 c y c l e s .  

If t h i s  f e c t  was taken  i n t o  account ,  t h e  l i f e  would 

However, i t  i s  doub t fu l  whether such a stress can be  main ta ined ,  and 
indeed t h e  l a s t  TMF t e s t  shows t h a t  by Cycle  20 t h e  stress i s  lower than  
35 MPa ( s e e  F igure  5.2-8). I f  one assumes t h a t  t h e  stress qu ick ly  d i e s  t o  
z e r o ,  then the  miss ion  l i f e  p r e d i c t i o n  o f  t h i s  method is bounded by t h e  c rack  
i n i t i a t i o n  l i f e t i m e  o f  1000 c y c l c s .  Note i n  t h i s  case  t h a t  t h e  u s e  of lower- 
tempera ture  d a t a  would make t h e  p red ic t ed  l i f e t i m e  longer  s i n c e  t h e  lower- 
tempera ture  d a t a  would p r e d i c t  an even l a r g e r  v a l u e  of Ki ( N  '.lo ) ,-yc-lcs. 4 

1 

5.3.3 Frequency Modified Approaches 

i n  t h i s  cast?,  seve ra l  approaches a r e  a v a i l a b l e .  F i r s t ,  assume t h a t  t h e  
f u l l  FM p r e d i c t i o n  g iven  i n  Table  5.3-1 (wi th  K>1 fo r  a l l  d a t a )  is  c o r r e c t .  
The frequency,  V ,  i s  g iven  by V = 601203.5 = 0.295 cpm. Using t h e  s t r a i n  
range of  0.33% and Equat ion 5-2 wi th  these  c o n s t a n t s ,  N i  i s  found t o  be 
(by i t e r a t i o n )  about 2350 c y c l e s .  Thus, t h e  c rack  i n i t i a t i o n  l i f e  time of 
t h e  b lade  i s  p red ic t ed  t o  be 783 c y c l e s .  Next ,  assume t h a t  t h e  FM approach 
w i t h  K=1 is  c o r r e c t .  Then fol lowing t h e  same procedure,  t he  p red ic t ed  l i f e  
is 500 c y c l e s .  
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Next, assume t h a t  t h e  frequency s e p a r a t i o n  approach (Reference  9) i s  
c o r r e c t .  The a p p r o p r i a t e  formulas  are g iven  by 

Ac = [> (e) '11 l / n '  

P' 

and 

(5-11) 

(5-12) 

where V t  and Vc are t h e  t e n s i o n  and compression-going f r equenc ie s ,  respec-  
t i v e l y ,  and t h e  rest of  t h e  c o n s t a n t s  are t h o s e  i n  Equat ion  5-2. 

P' t h i s  procediire r e q u i r e s  t h e  u s e  o f  t h e  a c t u a l  i n e l a s t i c  s t ra in  range, A t  
Here t h e r e  are t w o  choices :  
t h e  experimental  h y s t e r e s i s  loops ,  or t h e  v a l u e  0.013% found i n  the s u r f i c e  
s t r a i n  e x t r a p o l a t i o n .  We choose Acp = 0.03% and u t i i i z e  t h e  c o n s t a n t s  w i th  
K ' b l .  Using Equat ions 5-11 and 5-12, At.p' is found t o  be 0.0116% (wi th  v t  = 
60/3.5 = 17.1 cpm and Vc =. 60/200 = 0.3 cpm). Equat ion 5-10 t h e n  p r e d i c t s  
Ni = 5 . 7 6 ~ 1 0 ~  c y c l e s ,  or a mis s ion  l i f e  o f  19,200 cyc le s .  
t h e  d i f f e r e n c e  between t h i s  p r e d i c t i o n  and t h e  prev ious  F'M r e s u l t s  is  t h a t  t h e  
a c t u a l  va lue  o f  p l a s t i c  s t r a i n  range (0.013% t o  0.03%) i s  Euch less than  what 
would be p red ic t ed  by t h e  980" C i so the rma l  d a t a  a t  a t o t a l  s t r a i n  range o f  
0 . 3 3 % .  ( E i t h e r  of t h e  two i n i t i a l  FM approaches p r e d i c t  A S p  0.12%). That 
i s ,  t h e  use  of t h e  i n i t i a l  FM methods invo lves  on ly  t h e  total  s t r a i n  range (o f  
0 . 3 3 % )  and t h e  a c t u a l  v a l u e  of p l a s t i c  s t r a i n  range is  not  e x p l i c i t l y  con- 
sidered. The important  p o i n t  is t h a t  damage cannot  be d i r e c t l y  r e l a t e d  t o  
p l a s t i c  s t r a i n  when to t a l  s t r a i n  is  used i n  TMF p r e d i c t i o n s .  

Following 

use e i t h e r  A S p  = 0.03% from t h e  maximum width of  

The reason  f o r  

I n  pass ing ,  i t  is noted t h a t  Reference 9 g i v e s  a p re l imina ry  approach f o r  
p r e d i c t i n g  t h e  l i f e  under TMF c y c l e s .  Using t h i s  approach and t h e  lower-tem- 
p e r a t u r e  d a t a  f i t s  t h a t  a r e  d i scussed  i n  S e c t i o n  5.3.1, i t  i s  found t h a t  t h e  
p red ic t ed  va lue  of Ni is  even l a r g e r  than  t h a t  found by t h e  frequency sepa- 
r a t i o n  method. Thus, t h i s  approach appears  u n s u i t a b l e  f o r  a t  least t h i s  case. 

5 . 3 . 4  - St ra in range  P a r t i t i o n i n g  (SRP) P r e d i c t i o n s  

To,predict t h e  l i f e  u s ing  t h e  SRP method w e  use  t h e  expe r imemal  r e s u l t s  
for Rent. 80 g iven  by Halford and Netch iga l l  a t  1000' C (1830" F) (Reference 
4 ) .  I t  i s  assumed t h a t  t h e  i n e l a s t i c  s t r a i n  range i n  t h e  b l ade  is t h a t  which 
i s  c a l l e d  Ac i n  SRP par l ance  ( i . e . ,  p l a s t i c i t y  i n  t e n s i o n  reversed  by c reep  
i n  compression). Th i s  i s  t h e  worst c a s e  g iven  i n  Reference 4 f o r  c y c l e s  t o  
f a i l u r e  g r e a t e r  than  about lo3 c y c l e s .  The t r end  l i n e  from t h e i r  experiments  

. pc 
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is  r e p l o t t e d  i n  F igure  5.3-11, a long wi th  those  p red ic t ed  by t h e  d c t i l i t y  
normalized SRP method (DN-SRP, Reference 2 )  i n  Reference 4. (The v a l u e  of 
t h e i r  r educ t ion  i n  area IRA] i s  l a r g e r  than  t h e  average va lue  found i n  o u r  
des ign  handbook. However, i t  is wi th in  t h e  bounds of t h e  handbook curves . )  

In F igu re  5.3-11 seve ra l  mod; f ica t ions  a r e  made t o  t h e  b a s i c  SW l i n e  
According to  t h e  DN-SRP based upon t h e  no t ion  of  d u c t i l i t y  normal iza t ion .  

approach, t h e  Acpc component s c a l e s  l i n e a r l y  with t h e  t e n s i l e  d u c t i l i t y .  
That i s ,  

bepz = . 2 5  DpNpc-*60 (5-13) 

where Dp 
5-13 should be replaced by t h e  ,&le t h a t  is e s t a b l i s h e d  by a c t u a l  d a t a  a n a l y s i s .  
The General E l e c t r i c  m a t e r i a l s  handbook shows t h a t  t h e  RA dec reases  over  t h e  
temperature  rnngr  o f  1000" C t o  1100' C (1830" F t o  2000° F ) .  Consequently, 
a d j u s t i n g  t h e  actual data t'unvt- ;It 1000" C i n  accordance wi th  Equat ion 5-13 
the  solid line in FiKurc 5.3-11  is ob ta ined  which is helow t h e  o r i g i n a l  line. 
The spec-iment; t h a t  werc r i s d  i n  developinl; t l ir  o r i g i n a l  curvc  were apprec iab lv  
t h i c k e r  than  t h e  blade t i p  reg ion .  Reviewing t h e  r e s u l t s  of  t h i n  specimen 
t e n s i l e  tes ts  on Reng 80 a t  1100' C (Reference 26). i t  is  p o s s i b l e  t o  fur-  
t h e r  reduce t h e  s o l i d  l i n e  t o  t h e  dashed one shown i n  Figure  5.3-11. This  
r educ t ion  is  based on e longa t ion  measurements from ba re  and base pre-exposed 
specimens. Thus, t o  make t h i s  l a s t  r educ t ion  meaningful ,  i t  is necessary  to  
assume t h a t  t h e  coa t ing  cracks e a r l y  i n  l i f e ,  exposing t h e  remaining s u b s t r a t e  
m a t e r i a l .  

- ln(1-RA). As a t i t s t  s t e p ,  assume t h a t  t h e  s l o p e  i n  Equat ion 

Using t h e  lowest l i n e  i n  F igu re  5.3-11, t hen ,  t h e  SRP method p r e d i c t s  a 
c rack  i n i t i a t i o n  l i f e  of about 2700 c y c l e s  by us ing  t h e  maximum width  of t h e  
TMF h y s t e r e s i s  loops of 0.03%. 
is  predic ted  by a n a l y s i s  (0.013%), t h e  l i f t ,  w w l d  hc. ;around 1 0 , O C -  cvc1t.s. 
Accounting for t h e  t h r e e  chop-and-burst c y c l e s  per  miss ion  c y c l e ,  t h e  minimum 
miss ion  l i f e  t h a t  is  p r e d i c t a b l e  by t h i s  method is  903 miss ions .  Note, t h a t  
i n  making these d u c t i l i t y  modi f ica  tons i t  i s  assumed t h a t  t h e  suspec t  1040" C 
(1900" F) and 1100" C (2000' F) d a t a  i n  F igure  5.3-10 are i n v a l i d .  Those d a t a  
suggest  t ha t  such d u c t i l i t y  mod i f i ca t ions  m u s t  a l s o  cons ide r  changes i n  s l o p e  
a s  they f a l l  near  t h e  980" C (180G' F) d a t a .  However, without  such modif ica-  
t i o n s ,  t h e  pred ic ted  l i f e  based s o l e l y  on t h e  980' C d a t a  i s  much g r e a t e r  than  

Using t h e  va lue  of i n e l a s t i c  stra;r\ range t h a t  

10,000 cyc le s .  

Appl ica t ion  of t h e  SHP mcthod t o  THF c a s e s  i s  normally based on t h e  idea  
t h a t  t h e  SRP l i n e s  are independent of tempprature .  The above d u c t i l i t y  nor- 
ma l i za t ion  approach i s  one way o f  in t roducing  p o t e n t i a l  temperature  dependence; 
however, i n  Reference 8 ,  i t  i s  mentioned t h a t  t h e  SRP l i f e  might bes t  be based 
o n  t h e  temperature  where t h e  d u c t i l i t y  i s  t h e  l e a s t .  In  t he  c u r r e n t  appl ica-  
t i o n ,  t h i s  is a t  t h e  lowest temperature .  Using t h e  r eg res s ion  l i n e  i n  F igure  
5.3-7, f o r  t h e  540" C ( l O O O o  F) curve ,  and t h e  va lue  of i n e l a s t i c  s t r a i n  range 
o f  0.032, t h e  l i f e  by t h i s  method would be 3300 c y c l e s .  In o t h e r  w r d s ,  t h e  
pred ic t io t i  by t h i s  approach is worse than  be fo re .  
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However, as  wi th  t h e  1100' C (2000" F) e s t ima ted  curve (F igu re  5.3-11) 
i t  is p o s s i b l e  t o  use  t h e  t e n s i l e  e longa t ion  measurements f r o m  Reference 9b 
t o  lower the p l a s t i c  s t r a i n - l i n e  curve  o f  F igu re  5.3-7. Th i s  r educ t ion  i s  
based upon ba re  t h i n  specimen t e n s i l e  tes ts  a t  760" C (1400" F) a f t e r  pre- 
exposure a t  1100" C (2000' F);  t h e  r educ t ion  1s very  dramat ic  such t h a t  on ly  
about 10% of t h e  o r i g i n a l  e longa t ion  remains a f t e r  pre-exposure. Using t h e  
d u c t i l i t y  no rma l i za t ion  concept  wi th  t h e  lower tempera ture  d a t a  curve  (F igu re  
5.3-7)  and assuming a p l a s t i c  s t r a i n  range o f  0.03% r e s u l t s  i n  a p red ic t ed  
c r a c k  i n i t i a t i o n  l i f e  o f  90 c y c l e s ,  o r  30 f a c t o r y  cyc le s .  These p r e d i c t i o n s  
depend heav i ly  on t h e  e longa t ion  measurements of Reference 26 which show 
s c a t t e r ,  depend on t h e  pre-exposure c o n d i t i o n s ,  and depend on whether or not 
t h e  specimen was coa ted .  Despi te  t h e s e  a d d i t i o n a l  c o n s i d e r a t i o n s ,  t h e r e  i s  
s t r o n g  support  i n  t h e  l i t e r a t u r e  o f  t h e  role o f  high tempera ture  pre-exposure 
i n  reducing t h e  lower tempera ture  d u c t i l i t y  o f  nickel-base s u p e r a l l o y s  (e.g.  
see References  2 7  and 28) .  Thus, wh i l e  t h e  r e l i a b i l i t y  o f  t h e s e  p r e d i c t i o n s  
can  be ques t ioned ,  t h e r e  is l i t t l e  doubt t h e t  t h e  e f f e c t  of  pre-exposure can  
be  s e v e r e  i n  reducing d u c t i l i t y .  

5 . 3 . 5  Mean (Maximum) S t r e s s  Approaches I 

In References 12 through 15, methods a r e  presented  which a t tempt  to t ake  
i n t o  account t h e  in f luence  of mean or maximum stress l e v e l s .  I n  t h e s e  cases, 
damage i s  assumed t o  be r e l a t e d  t o  h y s t e r e s i s  loop energy.  Of p a r t i c u l a r  
i n t e r e s t  to  t h i s  s tudy  are t h e  r e s u l t s  o f  Os te rg ren  (Reference  13) and Jaske 
(Reference 15) .  
could  c o r r e l a t e  t h e  in f luence  of t e n s i l e  and compressive hold times s imply by 
us ing  t h e  product of maximum stress and i n e l a s t i c  s t ra in  range. Jaske found 
f o r  TMF t e s t s  on AIS1 1010 s teel  t h a t  t h e  Smith-Watson-Topper (SWT) parameter  
(g iven  below) could  c o r r e l a t e  h i s  r e s u l t s  wi th  i so thermal  d a t a  by us ing  t h e  
maximum temperature  and stress ( n o t  n e c e s s a r i l y  a t  t h e  maximum s t r a i n )  of t h e  
TMF h y s t e r e s i s  loop. Thus, i t  seems prudent t o  e x p l o r e  t h i s  approach. 

Os tergren  found f o r  Re& 80 a t  870" C (1600" F) t h a t  he  

S ince  t h e  p l a s t i c  s t r a i n  range i n  t h e  c u r r e n t  ca se  is small ,  i t  is assumed 
t h a t  t o t a l  s t r a i n  ( r a t h e r  than  t h e  p l a s t i c  s t r a i n  measure used by Ostergren)  i s  
t h e  b e s t  b a s i s .  F u r t h e r ,  i t  is  assumed t h a t  t h e  SWT method should work as sug- 
ges t ed  by Ja ske .  These two approaches are c o n s i s t e n t  s i n c e  t h e  Sw1' parameter ,  
P ,  i s  g iven  by, 

Accordingly,  a l l  of t h e  R e d  80 d a t a  were analyzed i n  t h i s  manner g i v i n g  t h e  
r e su l t s  that  i .1-n show- i n  F igure  5.3-12. A l l  of t h e  d a t a  a t  980" C (1800" F) 
c o l l a p s e  reasonably w e l l  cons ide r ing  t h e  s c a t t e r  i n  s t ress  response  for R e d  
80 a t  t h i s  tempera ture  (see Figure  5.3-2). Note,  t no ,  t h a t  t h e  parameter is  a 
s t r o n g  func t ion  of temperature ,  a l though the  1100" C (2000" F) d a t a  ag ree  
reasonably wel l  wi th  t h e  980" C d a t a .  

Using t h i s  approach to analyze t h e  b lade  t i p  r e q u i r e s  a d e f i n i t i o n  of 
t h e  modulus. l lsing tt,e one a t  980" C (1800" F) ( t h e  lower t h e  tempera ture ,  
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t h e  h ighe r  t h e  parameter)  and t h e  s u r f a c e  e x t r a p o l a t e d  stresses r e s u l t  i n  an 
N i  p r e d i c t i o n  of about 250 c y c l e s .  
t h e  r e s u l t  is approximately 200 c y c l e s .  Consider ing t h e  t h r e e  chop-and-burst 
c y c l e s ,  t h e  r e s u l t s  would be 83 mise ion  c y c l e s  and 67 miss ion  c y c l e s ,  respec- 
t i v e l y  . 

For t h e  experimental  stresses and s t r a i n s ,  

Note t h a t  a l l  o f  t h e  v a r i a b l e s  (E, omax, and Ac) i n  Equat ion 5-14 increase 
i n  va lue  a s  temperature  dec reases .  That i s ,  f o r  example, t h e  f a t i g u e  resis- 
t ance  to  a g iven  s t r a i n  range,  Ac, i n c r e a s e s  as tempera ture  i n c r e a s e s  ( a t  least 
ove r  c e r t a i n  l i f e  ranges as shown i n  F igu re  5.3-9). 
d a t a  i n  F igu re  5.3-12 d o  not  n e c e s s a r i l y  ag ree  with t h e  maximum iso thermal  tem- 
pe ra tu re .  
d i c t e d  l i f e  is g r e a t e r  than  1000 c y c l e s .  Based on t h e s e  cons ide ra t ions ,  i t  is  
concluded t h a t  t h i s  approach does not appear  promising f o r  TMF a p p l i c a t i o n  of 
Red  80 a t  these  temperatures .  

Also n o t e  t h a t  t h e  TMF 

Indeed, i f  a lower tempera ture  i so thermal  curve  i s  used t h e  pre- 

5.4 CRACK PROPAGATION ANALYSES 

A c r a c k  growth a n a l y s i s  was performed on t h e  sub jec t ed  blade by us ing  an  
To e x i s t i n g  miss ion  a n a l y s i s  computer code c a l l e d  MISKRA 111 (Reference 29). 

analyze  t h e  b lade ,  t h e  s i d e  edge c rack  model (shown schemat ica l ly  i n  t h e  i n s e r t  
of F igure  5.3-13) was s e l e c t e d .  This model, which was based on Bueckner's 
weight func t ion  approach (Reference 301, took i n t o  account non l inea r  g r a d i e n t s  
expressed  as polynomial curve f i t s .  Accordingly,  t h e  3-D CYANIDE stress d i s -  
t r i b u t i o n s  shcwn i n  F igu re  5.1-1 were f i t  us ing  l i n e a r  r e g r e s s i o n  and used i n  
t h e  ana lyses .  A 650" C (1200" F) Re& 80 c r a c k  growth ra te  curve was used i n  
t h e  a n a l y s i s ,  which was ak in  t o  assuming t h a t  only t h e  t e n s i l e  stresses caused 
t h e  c rack  t o  grow and t h a t  t h e  1100" C (2000" F) tempera ture  had no i n t e r a c t i v e  
e f f e c t s  on t he  propagat ion r a t e s .  This crack  g rob th  r a t e  curve  was based on 
only  one t es t .  A miss ion  was de f ined  c o n s i s t e n t  with t h e  app l i ed  stresses as 
schemat i ca l ly  i l l u s t r a t e d  i n  F igu re  5.3-14. (Note t h a t  a l l  t h r e e  chop-and- 
b u r s t  c y c l e s  were included along wi th  t h e  maximum r e v e r s e  c y c l e ) .  

The a n a l y s i s  assumes t h a t  t h e  in f luence  o f  mean s t ress  on crack  growth 
could  be accounted f o r  by t h e  Walker r e 1 a t i o r : S i p  (Reference  31)  

(5-15) 

where is t h e  "e f f ec t ive"  stress i n t e n s i t y  f a c t o r ,  hax is t h e  maximum stress 
i n t e n s i t y  l e v e l  i n  a g iven  cyc le ,  R i s  t h e  r a t i o  of  &jn i s  t h e  min- 
imum va lue  of  stress i n t e n s i t y  in  a g iven  c y c l e  (computa t iona l ly  i t  can  be neg- 
a t i v e ) ,  and m is  an empir ica l  f a c t o r .  It  can  be shown t h a t  Equat ions 5-14 and 
5-15 would be c o n s i s t e n t  parameters  i n  t h e  e l a s t i c  s t r a i n  regime i f  t h e  stress 
i n t e n s i t y  symbols are replaced by stress l e v e l s  and an empi r i ca l  power is  
introduczd by Equation 5-14. 
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The va lue  of m was assumed t o  be both 0 .5  and 1.0, and complete mission 
The assumption of  0 . 5  corresponded a n a l y s e s  were made f o r  both a .~su r i : t i ons .  

t o  an equa l  weight ing of  t h e  m a x i m a n  l e v e l  and range i n  stress i n t e n s i t y  (E = 
[hax AK]1/2), and t h e  assumption of  1 0 r e l a t e d  t o  the  c a s e  where 
Furthermore, t h e  va lue  of u n i t y  was c o n b i s t e n t  with t h e  assumption t h a t  t he  
compressive stresses ( a t  t h e  time of 6.7  seconds) completely vanished due t o  
c r e e p  s i n c e  only ranges were involved. I n  such a c a s e ,  e q u i l i b r i u m  c o ~ s i d c r -  
a t i o n s  might demand a stress r e d i s t r i b u t i o n ;  b u t ,  i n  any even t ,  t h e  assumption 
o f  m = 1.0 should approach a lower l i m i t  on t h e  c rack  growth a n a l y s i s .  
i n  both c a s e s ,  f u l l  c a l c u l a t i o n  of  R (R changed as a func t ion  of c rack  l eng th  
due t o  t h e  stress g r a d i e n t s )  was made such t h a t  nega t ive  stresses were assumed 
to  be f u l l y  e f f e c t i v e  i n  a c c e l e r a t i n g  t h e  propagat ion rate.  

= AK.  

F i n a l l y ,  

Another c o n s i d e r a t i o n  m u s t  be menl lned. Note t h a t  t h e  same stress d i s -  
t r i b u t i o n  was assumed t o  be a c t i v e  as t h e  c rack  grows. However, f u r t h e r  no te  
t h a t  t hese  stresses are mainly thermal stresses which should be r e l i e v e d  as 
the  c rack  grows. As with most of t h e  o t h e r  assumptions,  ma in ta in ing  the  same 
stress g r a d i e n t s  should make t h e  a n a l y s i s  c o n s e r v a t i v e  ( t h e  c r ack  propagat ion 
ra te  should b e  over e s t i m a t e d ) .  

The results of t hese  ana lyses  are shown i n  F igu re  5.3-13 i n  t h e  form of 
i n i t i a l  crack s i z e  ve r sus  mis s ion  l i f e .  Reca l l  t h a t  t he  f a c t o r y  tes t  expe r i -  
e n c t  was t h a t  a crack l eng th  o f  3 . 8  mm (0.15 inch)  or g r e a t e r  was found a f t e r  
- 1000 mis s ion  c y c l e s .  I n  t h e  c a s e  of m = 0 . 5 ,  t h e  c r i t i c a l  length (based on 
K = Kc) bds 3.94 mm (0.155 Inch) while  i n  t!ie c a s e  of m being u n i t y  t h e  c r i t i c a l  
length was predicted t o  be 2 . 2 3  mm (0.088 i n c h ) .  The f i n a l  p red ic t ed  crack 
l eng th  was t h i s  small  appa ren t ly  because t h e  s t r e s s  d i s t r i b u t i o n  was not re- 
duced a s  t h e  thermal load path was cu t  by c r a c k  growth. Note t h a t  none o €  t h e  
b l ades  f a i l e d  during t e s t i n g .  

To p r e d i c t  the crack propagat ion l i f e  a f t e r  completion of  t h e  i n i t i a t i o n  
p rocess ,  i t  is necessary t o  xsume an i n i t i a l  c r ack  s i ze .  Since Re& 80 i s  
a c a s t  a l l o y ,  i t  has coa r se  g r a i n s  w i t h  0 . 2 5  mm (0.01 inch) being a reason- 
a b l e  g r a i n  s i z e .  Cons@quently, assuming t h a t  t h e  i n i t i a l  c r ack  s i z e  i s  t h e  
same a s  one g r a i n  dim Ir, t h e  results i n  F igu re  5.3-13 p r e d i c t  t h a t  t h e  
number of mis s ion  cycle s t o  reach a length of  3 . 8  mm i s  1000 c y c l e s  f o r  m = 
1.0 (; t - l a l l y  f a i l u r e  W O U A ~  occur f i r s t )  and 2650 c y c l e s  f o r  m = 0 . 5 .  Since 
t h e  blacies a r e  removed a f t e -  1000 c y c l e s ,  i t  appears t h a t  n e i t h e r  of t h e s e  
two approaches a r e  a c c u r a t e  i n  t h a t  t h e y  over  p r e d i c t  t h e  n m b e r  of c y c l e s .  
S;,ice t h e  assumptions t h a t  a r e  nade i n  t h e  ana lyses  are conse rva t ive ,  i t  is 
l i k e l y  t h a t  t h e  crack growth r a t e  curve i s  inappropr i a t e ;  i t  is probable t h a t  
t h e  environment i n t r y a c t s  with t h e  s u b s t r a t e  once t h e  crack i n i t i a t e s  caus ing  
f a s t e r  growth t h a n  t h a t  which i s  p red ic t ed  by an isothermal curve.  
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6.0 DISCUSSION OF RESULTS 

6.1 ANALYTICAL RESULTS 

By any s t anda rd  of  eva lua t ion ,  t h e  d i f f e r e n t  a n a l y t i c a l  tools used i n  
t h i s  i n v e s t i g a t i o n  a1 1 performed e x c e l l e n t l y .  The three-dimensional  a n a l y s e s  
produced r e s u l t s  i n  q u a n t i t a t i v e  agreement with t h e  b l ade  h i s t o r y .  
t h e  maximum s t r e s d s t r a i n  ranges were p red ic t ed  f o r  areas where a c t u a l  crack- 
ing occurred. The degreee of 
q u a l i t a t i v e  agreement must be i n f e r r e d  through c o r r e l a t i o n  with t h e  h y s t e r e s i s  
!oop test results and two-dimensional a n a l y s i s .  
appear t h a t  e x c e l l e n t  q u a l i t a t i v e  agreement cou ld  be a t f a i n e d ,  provided t h a t  
t h e  material p r o p e r t i e s  ( s t r e s s / s t r a i n ,  c r e e p ,  et:.) are known accura t e ly .  
The major discrepancy between t h e  testing r e s u l t s  and t h e  a n a l y t i c a l  predic-  
t i o n s  f o r  t h i s  very s e v e r e  thewomechanical  c y c l e  is due to  t h e  c r e e p  prop- 
erties. Tes t  results shoved a much f a s t e r  stress r e l a x a t i o n  than  had been 
a n a l y t i c a l l y  predicted.  
used was not accu ra t e .  This r e p r e s e n t a t i o n ,  a t  t h e  p re sen t  time, is  based on 
s t a t i c  c r e e p  t e s t i n g .  
improvement. 

That is, 

Even t h e  e l a s t i c  a n a l y s i s  gave t h i s  agreement. 

Based on t h i s ,  i t  would 

Th i s  sugges t s  t h a t  t h e  primary c r e e p  r e p r e s e n t a t i o n  

Th i s  is one obvious area f o r  f u t u r e  i n w e s t i g a t i o n  and 

6.2 TMF EXPERIMENTS 

Because of small s t r a i n s  used i n  t h e  TMF experiment,  i t  was necessary to 
e x e r c i s e  extreme c a r e  i n  the c o n t r o l  of t h e  thermal component of  s t r a i n  mea- 
sured i n  t h e  TMF t e s t s .  This  p r e c i p i t a t e d  t h e  development of an i n t r i c a t e  
computer-based s y s t e m  as J.T. Berling's KBRC Company. Th i s  system showed 
e x c e l l e n t  p o s s i b i l i t i e s  for e v a l u a t i n g  a c t u a l  TMF c o n d i t i o n s ,  and y i e lded  
exce l  lent  comparisons with t h e  a n a l y t i c a l  p r e d i c t  i ons  once t h e  a c c e l e r a t e d  
c reep  a t  1100" C v a s  recognized. 
for t h e  generic  c l a s s  of high-temperature, nickel-base s u p e r a l l o y s ,  which ex- 
h i b i t  small i n e l a s t i c  s t r a i n  ranges and wide t m p e r a t u r e  v a r i a t i o n s  i n  app l i -  
c a t  ion.  

Th i s  type of system appeared to  be neceesary 

6 . 3  SHORTCUT METHODS 

This  r e sea rch  inves t iga t ed  a number of  d i f f e r e n t  s h o r t c u t  techniques,  each 
w i t h  a d i f f e r e n t  l e v e l  of complexity.  These were: 

1. Use an e l a s t i c  three-dimensional  a n a l y s i s  t o  p r e d i c t  t h e  mission 
c y c l e  s t ra in- temperature- t  ime p r o f i l e .  
tetcperature-t i m e  p r o f i l e  on a l a b o r a t o r y  specimen. 

Then program t h i s  s t r a i n -  

2 .  Use an e l a s t i c  three-dimensional a n a l y s i s  t o  p r e d i c t  t h e  mipsion 
c y c l e  s t ra in- temperature- t  ime prof i le .  
d i t i o n s  for s impler  two-dimensional or three-dimensional non l inea r  
analyses .  

Use t h i s  as boundary con- 
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3.  Use a non l inea r  three-dimensional a n a l y s i s  to  p r e d i c t  t h e  f i r s t  
c y c l e  s t ra in- tempera ture- t  i m e  p r o f i l e .  
l abo ra to ry  specimen or to provide  boundary c o n d i t i o n s  f o r  s imple r  
non l inea r  ana lyses .  

Use t h i s  t o  program a 

A l l  of t h e  above s h o r t c u t  methods appear  u s e f u l ,  p a r t i c u l a r l y  when t h e  eco- 
nomics of the  problem, a s  d i scussed  i n  t h e  next  s e c t i o n ,  are considered.  

Method 1 can  on ly  be used when t h e  problem area i n  q u e s t i o n  is u n i a x i a l ,  
such as t h e  s q u e a l e r  t i p ;  o therwise ,  m u l t i a x i a l  test specimens would need t o  
be  designed.  This method r e q u i r e s  t h e  smallest amount of  t i m e  and cost  f o r  
a n a l y s i s  bu t  t h e  t o t a l  amounts could  be g r e a t e r  than  f o r  Method 2 or t h e  3-D 
a n a l y s i s  p o r t i o n  o f  Method 3. 
loop  t e s t i n g  r e q u i r e s  s i g n i f i c a n t  amounts of  t i m e  and money. It does  provide  
an e x c e l l e n t  check and feedback loop, p a r t i c u l a r l y  i f  t h e  h y s t e r e s i s  loop  tests 
could  be c a r r i e d  o u t  t o  f a i l u r e .  

T h i s  is  because t h e  t h e m m e c h a n i c a l  h y s t e r e s i s  

Method 2 i s  p o t e n t i a l l y  t h e  most economical of t h e  t h r e e  methods, bo th  i n  
terms of  t i m e  and cost .  J u s t  a s  with Method 1, i n  s i t u a t i o n s  where t h e  shake- 
down s t r a i n  range i s  not  apprec i ab ly  d i f f e r e n t  from t h e  e l a s t i c  s t r a i n  range,  
t h i s  would provide  accep tab le  answers f o r  des ign ing ,  s i n c e  f a c t o r s  of  s a f e t y  
a r e  always appl ied  t o  l i f e  p r e d i c t i o n s .  Th i s  method, while l ack ing  t h e  checks 
and feedback of t h e  t e s t i n g ,  i s  not  r e s t r i c t e d  t o  u n i a x i a l  cond i t ions .  

Method 3 i s  t h e  last  s t e p  s h o r t  o f  a fu l ’y  s t a b i l i z e d  a n a l y s i  . It would 
be used when a l a r g e r  d i f f e r e n c e  between shakedown and e l a s t i c  s t r a i n  ranges  
is  a n t i c i p a t e d  or when t h e r e  i s  i n s u f f i c i e n t  d a t a  to  a c c u r a t e l y  model t h e  
c y c l i c  i n e l a s t i c  m a t e r i a l  p r o p e r t i e s .  

6 . 4  ANALYSIS ECONOMICS 

Any e v a l u a t i o n  of t h i s  r e sea rch  and i t s  use fu lness  must t a k e  i n t o  account 
t h e  economics of  t h e  t i m e  and c o s t  involved.  The manpower, computer cos t ,  and 
problem t i m e  span a r e  a l l  much more than  r equ i r ed  by t h e  i n - s i t u  one-dimen- 
s i o n a l  and two-dimensional des ign  methods. This must be balanced by t h e  bet-  
ter  q u a l i t y  o f  in format ion  obta ined  and t h e  need for t h a t  q u a l i t y  of  informa- 
t i o n .  A l l  of t h e  above f a c t o r s  can be improved, ~ a r t i c u l a r l y  with in-house 
computer programs. 

b.5 LIFE PREDICTXON RESULTS 

The l i f e  a n a l y s i s  demonsfrated t h a t  wi thout  except ion ,  assumptions could 
be made such t h a t  a l l  approcches could p r e d i c t  c rack  i n i t i a t i o n  by t h e  end o f  
t h e  f a c t o r y  t e s t  ( s e e  Table  6.5-1). However, such a s ta tement  cannot be m i s -  
i n t e r p r e t e d  as meaning t h a t  t he  l i f e  a n a l y s i s  p r e d i c t i o n s  were good from t h e  
point  of  view o f  understanding t h e  cause o f  i n i t i a t i o n .  In  most c a s e s  t h e  
reason for t h e  goodness of  p red ic t ion  could  be traced t o  a m i s i n t e r p r e t a t i o n  
o f  the cause o f  t l i v  damage. This  i s  p a r t i c u l a r i y  true o f  thr methods which 
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r e l i e d  on i n e l a s t i c  s t r a i n  t o  p r e d i c t  damage. 
and t h e  TMF r e s u l t s  both showed l i t t l e  t o  no i n e l a s t i c  s t r a i n  range (wi th  
0.03% be ing  t h e  maximum t h a t  could be ob ta ined  from e i t h e r  source) .  Reviewed 
aga in ,  any o f  t h e  a c t u a l  d a t a  ana lyses  o f  S e c t i o n  5.3-1 suggested t h a t  such a 
small i n e l a s t i c  range would r e s u l t  i n  a p r e d i c t i o n  of  a t  l e a s t  1100 mis s ion  
cycles  f o r  c rack  i n i t i a t i o n  i n  t h e  b l ade  (account  made f o r  t h e  t h r e e  burst-and- 
chop c y c l e s  per  miss ion  c y c l e ) .  Better agreement wi th  expe r i ence  w a s  achieved 
through t h e  assumption of d u c t i l i t y  no rma l i za t ion  and t h e  use  of t h e  detrimen- 
t a l  e f f e c t  of  high temperature  pre-exposure on t h e  subsequent d u c t i l i t y .  

Note t h a t  t h e  s t r e e  ana lyses  

Conversely,  methods t h a t  used total  s t r a i n  range and t h e  maximum temper- 
a t u r e  f a red  b e t t e r  i n  l i f e  ) r ed ic t ion .  These methods were based on i so thermal  
d a t a  which had s u b s t a n t i a l l y  more i n e l a s t i c  s t r a i n  range a t  t h e  same t o t a l  
s t r a i n  range of 0.332 t h a n  w a s  p r e d i c t 4  by a n a l y s i s  o f  t h e  h l ade  or was mea- 
sured by t h e  TMF experiments .  Accordingly,  t h e  q u e s t i o n  of what c o n s t i t u t e d  
damage was not proper ly  i n t e r p r e t a t e d  by t h e  t o t a l  s t ra in-based  methods. 
F i n a l l y ,  no method could  p r e d i c t  t h e  e a r l y  c r a c k  i n i t i a t i o n  t h a t  was requi red  
by t h e  most conse rva t ive  propagat ion  a n a l y s i s .  

A s t r o n g  c l u e  t o  t h e  cause of t h e  premature b lade  c rack ing  was found i n  
the  f luo rescen t  pene t ran t  a n a l y s i s  o f  t h e  one long-running TMF experiment  
( t h a t  was shown i n  F igu re  5.3-9). Though t h e  specime- showed no i n d i c a t i o n  
of  c rack  i n i t i a t i o n  by a compliance technique ,  t h e  coa t ing  was f i l l e d  with 
many c racks .  This suggested t h a t  u l t i m a t e l y ,  t h e  most probable  cause  of t h e  
c s t r n t  o f  cr3ck;qg found i n  t h e  f ac to ry  t es t s  13.8 mm (0.15 i.ich) or g r e a t e r ]  
involved i n i t i a l  coa t ing  c racking  a t  t h e  lower temperature  where t h e  c o a t i n g  
was b r i t t l e ,  fo l loked  by envi ronmenta l ly  a c c e l e r a t e d  c rack  propagatiofi 'n t h e  
s u b s t r a t e .  With t h i s  s c e n a r i o ,  c r ack  i n i t i a t i o n  was due t o  t h e  f a t i g u e  of t h e  
coa t ing  arid not due t o  t h e  f a t i g u e  of t h e  s u b s t r a t e  as-assumed hy t h e  c rack  
i n i t i a t i o n  methods when u t i l i z i n g  high tempera ture  i so thermal  rta. 

F i n a l l y ,  it i s  noted t h a t  a l l  o f  t h e  above s t a t emen t s  are basei. d i r e c t l y  
o r  i n d i r e c t l y  on the  resu l t s  of t h e  stress ana lyses ,  wherein t h e  amount o f  
c r e e p  is  underest imated.  Given t h a t  more c r e e p  occur s  than  was p red ic t ed ,  
i t  might be poss ib l e  t h a t  more c r e e p  r a t c h e - i n g  might occur ,  somehow caus ing  
a l a r g e r  loop width.  However, t h e  above co;ting cracki i ig/environmental  argu- 
m e n t  appears  more reasonable .  In  any c a s e ,  a b e t t e r  unders tanding  of  high- 
tempera ture  th in - sec t ion  c r e e p  is r equ i r ed ,  a s  w e l l  as ,  more g e n e r a l l y ,  a 
b e t t e r  underscanding o f  c o n s t i t u t i v e  equa t ions .  

6 . 6  CRACK PROPAGATION RESULTS 

In t h i s  case  i t  was shown t h a t  t he  most conse rva t ive  a n a l y s i s  t h a t  could 
be made r e s u l t e d  i n  a c rack  propagat ion  l i f e t i m e  of 1000 f a c t o r y  c y c l e s .  The 
a n a l y s i s  was based on t h e  r e s u l t  of a 650' C (1200' F) c rack  growth Zurve de- 
r i v e d  from one experiment. However, un le s s  t he  curve was h igh ly  e r roneous ,  t h e  
rrsul t s  supy,t>sted t h a t  a good propagat ion a n a l y s i s  could not  be achieved s i n c e  
a l l  o f  t h e  assumptions used i n  e s t a b l i s h i n g  t h e  1000-cycle ; r e d i c t i o n  were con- 
s e r v a t i v e .  The a n a l y s i s  s t r -ng ly  suggested t h a t  more c rack  propagat ion  d a t a  be 
genera ted ,  p re fe rab ly  involving a TMF c y c l e  which included t h e  maximum tcmper- 
.itiir-* o f  1100' C (2000" F). 
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7 . 0  CONCLUSIONS 

The fol lowing conc lus ions  were generated by t h e  r e s u l t s  o f  t h i s  program: 

0 The o b j e c t i v e  of  t h e  program was m e t .  
s t r uc t ur a l -anal  y s i s techniques and advanced 1 i €e-predic t i on  tech- 
niques i n  t h e  assessment of  ho t - sec t ion  components was demonstrated.  

The u t i l i t y  of advanced 

0 Three-dimensional t r a n s i e n t  h e a t - t r a n s f e r  a n a l y s i s  is both tech- 
n i c a l  l y  and economically f e a s i b l e .  

0 Three-dimensional e las t ic  stress a n a l y s i s  is both t e c h n i c a l l y  and 
economically f e a s i b l e .  

0 Three-dimensional n o n l i n e a r  stress a n a l y s i s  is t e c h n i c a l l y  f e a s i b l e  
but i t s  use w i l l  be l i m i t e d  by t h e  economics. 

0 There are s h o r t c u t s  to t h e  non l inea r  stress a n a l y s i s  which are 
economically f e a s i b l e  with l i t t l e  loss i n  p r e d i c t i v e  accuracy. 

0 The cont inuing improvement i n  computer c o s t s  and t h e  use  of in-house 
computer f ac i l i t i e s  v e r s u s  commercial f a c i l i t i e s  would b e n e f i t  t h e  
economics. 

0 Fur the r  improvements i n  i n t e r a c t i v e  g raph ic s  would prove b e n e f i c i a l  
i n  both t i m e  and cost. 

0 For s t r u c t u r a l  problems where t h e  predominant loading is thermal,  
a good approximation of t h e  s t r a i n  range can be obtained from 
elr ;  i c  a n a l y s i s  r e s u l t s  even though i n e l a s t i c  c o n d i t i o n s  ( c r e e p  
B~LJ. p l a s t i c i t y )  e x i s t .  It should be noted, however, t h a t  a b s o l u t e  
s t r a i n  v a l u e s  (Emax, Emin) could d i f f e r  s i g n i f i c a n t l y  between 
e l a s t i c  and i n e l a s t i c  a n a l y s i s .  

0 Cyclic  tes t  resu l t s  imposing a s t r a i n / t e m p o r a l  c y c l e  t y p i c a l  of an 
hPT b l a d e - t i p  r eg ion  i n d i c a t e  t h a t  a t  high temperatures  [>980' C 
(1800" F)] r e l a x a t i o r i  occu r s  s i g n i f i c a n t l y  f a s t e r  t han  p red ic t ed  
by anr, lysis f o r  Red  80.  Reasonable h y s t e r e s i s  loop s t a b i l i z a t i o n  
was -.videwed subsequent t o  t h e  i n i t i a l  c y c l e  from test r e s u l t s ,  
4zsreas analysis would p r e d i c t  16 c y c l e s  t o  be r equ i r ed  be fo re  com- 
pa rab le  s t a b i l i z a t i o n  occurred.  Both t h e  c r e e p  damage model and 
c r e e p  material p r o p e r t i e s  d a t a  must be i n v e s t i g a t e d  t o  determine 
t h e  source of t h e  discrepancy.  

0 I n e l a s t i c  a n a l y s i s  resul ts  show t h a t  f o r  high-pressure- turbine blade- 
t i p  regions p l a s t i c i t y  occur s  on ly  du r ing  t h e  i n i t i a l  cyc le .  Sub- 
seasient t o  t h i s  a t r a d e o f f  between c reep  s t r a i n  and p l a s t i c  s t r a i n  
occurs.  Add i t iona l ly  r a t c h e t i n g  of t he  s t r e s s - s t r a i n  curve is  
observed with movement i n  t h e  n e g a t i v e  s t r a i n  and p o s i t i v e  s t r e e s  
d i r e c t i o n s .  
cool-down p o r t i o n  of t h e  cyc le .  

Peak t e n s i l e  stresses ( c r a c k  opening) occur  du r ing  t h e  
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0 A very  a c c u r a t e  computer-contrnlled t h e m m e c h a n i c a l  test c a p a b i l i t y  
is demonstrated.  It i s  now p o s s i b l e  t o  contemplate t e s t i n g  ove r  
l a r g e r  temperatu-e  ranges and s t r a i n  rates than has  been p o s s i b l e  
i n  t h e  pas t .  

0 None of t h e  c r a c k - i n i t i a t i o n  a n a l y s i s  scheme was r e l i a b l e  f o r  t h i s  
a p p l i c a t i o n .  As demonstrated by numerous i n v e s t i g a t o r s ,  it was 
shown t h a t  t o t a l - s t r a in -based  approaches appeared to work b e s t  when 
used i n  con junc t ion  with t h e  maximum t e n p e r a t u r e  of  a f u l l y  thermal 
mechanical cyc le .  Even i n  t h i s  ca se ,  I hough c o r r e l a t i o n  was achieved,  
understanding was lacking.  Methods based on i n e l a s t i c  s t r a i n  ap- 
peared undes i r ab le  i n  t h i s  case due t o  t h e  need t o  p r e d i c t  (or mea- 
s u r e )  i n e l a s t i c  s t r a i n s  on t h e  o r d e r  of 0.01%. P r e d i c t i o n  based on 
t h i s  l e v e l  of i n e l a s t i c  s t r a i n  range were i n a c c u r a t e  u n l e s s  addi- 
t i o n a l  assumption were made. 

0 The crack-propagation a n a l y s i s  appeared t o  be r easonab le  using rela- 
t i v e l y  low temperature  (650" C (1200' F ) ]  crack-growth d a t a  s i n c e  
t h e  maximum t e n s i l e  stresses occurred a t  the lowest temperature of 
t h e  c y c l e  (340" C (650" F ) ]  . The rest of t h e  a n a l y s i s  w a s  t o t a l l y  
conse rva t ive ;  and y e t ,  t h e  minimum l i f e  t h a t  could be p red ic t ed  w a s  
equal t o  t h e  total  number of f a c t o r y  c y c l e s  (1000 c y c l e s ) .  
b e t t e r  understanding o f  c r a c k  propagat ion i n  TMF is  needed. 

Thus, 

0 The most probable cause of damage appeared t o  be r e l a t e d  t o  c o a t i n g  
c rack ing  and subsequent environmental ly  a s s i s t e d  c rack  growth. The 
c o a t i n g  cracking would be thought t o  occur  a t  t h e  lower temperature  
o f  t h e  TMF c y c l e ,  where i t  is b r i t t l e .  Methods f o r  p r e d i c t i n g  eoa t -  
i ng  c rack ing  are needed. 
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LIST OF ABBREVIATIONS, ACRONYMS, AND SYMBOLS- 

ANSYS - 
CYANIDE - 
FM 

MASS 

- 
- 
- N i  

- SRP 

STP - 
- 

T3 

T4 - 
- THTD 

TMF - 
- V 

Engineering E a l y s i s  System Program 

Cyc l i c  Ana lys i s  of I n e l a s t i c  Defonnat i on  

Frequency Modified 

Mechanical Analysis of Space S t r u c t u r e s  

Cyc les t o  Crack I n i t i a t i o n  

S t r a i n  Range P a r t  i t  i on ing  

Sur face  Temperature Program 

Compressor Discharge Temperature 

Turb ine  I n l e t  Temperature 

Trans i en t  Heat-Transfer - Version D 

Thermal Mechanical F a t i g u e  

Frequency 
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